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Preface 

Present Your Research to the World! 

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

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

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

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

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

 
    Olaf Dössel 

Congress President 
 

Wolfgang C. Schlegel 
Congress President 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Preface 

Welcome to World Congress 2009! 

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

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

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

 
Joachim H. Nagel 

President of the IUPESM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Preface 

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

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

 

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

 
 
 

August 2009 
 

Olaf Dössel 
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S. Garćıa-Pareja, F. Manzano, P. Galán, A.M. Lallena, and L. Brualla

Respiratory Training and Guiding System Using Head Mount Display Device to Improve the
Regularity of Breathing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

Eunhyuk Shin, Hee-Chul Park, Youngyih Han, Jung Suk Shin, Sang-Gyu Ju, Jaiki Lee, and
Yong-Chan Ahn

The Use of aSi EPID for in vivo Dosimetry in Photon Beams: Clinical Experience . . . . . . . . . . . . . 232
P. Boissard, P. Frano̧is, and A. Mazal

Response of Lithium Formate EPR Dosimeters at Photon Energies Relevant to
Brachytherapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236

Emelie Adolfsson, Gudrun Alm Carlsson, Jan-Erik Grindborg, H̊akan Gustafsson, Eva Lund, and
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S. Klüter, G. Sroka-Perez, K. Schubert, and J. Debus

Observations of Prostate Intrafractional Motion during External Beam Radiation Therapy . . . . 499
J.S. Li, A. Pollack, E.M. Horwitz, M.K. Buyyounouski, and C.-M. Ma

Imaging Motion with a 4-Row CT Scanne (GE Light Speed RT) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 503
C. Kornhuber, A. Mehnert, and D. Vordermark

Measurements of the Signal-to-Noise Ratio with “EPID QC Phantom R©” and “epidSoft 2.0”
from PTW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 507

J. Liebich, J. Licher, C. Scherf, J. Moog, E. Kara, and U. Ramm

E-IMRT: A Web Platform for the Verification and Optimization of Radiation Treatment
Plans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 511
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M. Batič, J. Burger, V. Cindro, G. Kramberger, I. Mandić, M. Mikuž, A. Studen, and M. Zavrtanik
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Development of New Radioactive Seeds Tm-170 for Brachytherapy 
Amal Ayoub and Gad Shani 

Department of Biomedical Engineering, Ben Gurion University, Beer Sheva, Israel 

Abstract––Purpose: To investigate the use of Tm-170 seeds 
for brachytherapy in comparison to Iodine-125 seeds.  

Methods and materials: In vivo experiments were done in 
Balb/C mice. The KHJJ murine mammary carcinoma was 
selected as the tumor model because it is radio-resistant. KHJJ 
tumors were implanted on mice thighs and tumor growth was 
recorded as a function of time. When tumors reached the 
diameter of 7.5–9 mm, four groups of 20 tumor-bearing mice 
each, were implanted in the tumor as follows: 1. With Tm-170 
seeds of activity 2.54 mCi, 2. With I-125 seeds of 0.5 mCi 
nominal activity (equal gamma dose to that of the Tm-170 
seeds), 3.  With control dummy seeds (empty titanium tubes of 
dimensions similar to Tm-170 seeds, that went through the 
same activation process as the real seeds) and 4. Control 
untreated mice. 

Results: The results show that control tumors and tumors 
implanted with the dummy seeds grew exponentially with time. 
Implantation of I-125 seeds resulted in the disappearance of 
25% of the tumors (cured mice), 25% of the tumors grew 
slower than the control tumors (growth delay), and 50% of the 
tumors were not affected by the radiation. Implantation of 
Tm-170 seeds resulted in 60% cure, 20% growth delay and 
20% of the tumors were not affected by the radiation. 

Conclusions: Tumors implanted with Tm-170 seeds were 
exposed to a smaller photon dose than those implanted with I-
125 seeds; nevertheless Tm-170 seeds yielded significantly 
better results. Brachytherapy with Tm-170 seeds in this 
experimental model is more efficient than with I-125 seeds 
since Tm-170 emits both beta and gamma radiation and its 
gamma radiation range is higher than that of I-125. 

Keywords––Brachytherapy, Thulium-170 Seeds, Iodine-125 
Seeds, Beta-Gamma Treatment. 

I. INTRODUCTION 

Interstitial brachytherapy is a method for radiation 
delivery to tumors which maximizes tumor exposure while 
minimizing toxicity to adjacent normal tissue. This 
technique exploits a number of principles of radiation 
physics to delivers a controlled, concentrated, low dose rate 
to the tumor. Brachytherapy involves the stereotact 
deposition of permanent or removable radioactive implants 
of iodine-125 (28.4 keV), iridium-192 (0.38 Mev), or 
palladium-103 (21 keV) directly into the tumor with 
 

continuous interstitial radiation, delivering cumulative 
doses of 30 to 120 Gy. We have developed a new 
brachytherapy seed based on thulium, Tm-170 which has 
several advantages over the ones in use. It emits both beta 
and gamma radiation therefore it is useful for short and 
long distances, its half life is much longer than that of Ir-
192 therefore can be used for longer time before being 
replaced. 

Its photon energy is lower than that of Ir-192 therefore 
spares neighboring organs to the tumor. The beta rays are 
very efficient at shorter distances, much more than that of I-
125. Tm-170 seeds are much easier to manufacture. 

II. MATERIAL AND METHODS 

A. Preparation of Thulium-170 Seeds  

Tm-170 seeds were made of 4.46 mg ± 0.1 mg of 
thulium (0.2 × 0.6 × 4 mm; 9.32 g/cm3 density) inside 
titanium tubes of 0.8 mm outer diameter, 0.7 mm inner 
diameter, and 7 mm long. Seeds were sealed by titanium 
plugs, which were inserted into the tubes using mechanical 
force. Each seed was individually placed inside a quartz 
ampoule and all ampoules were sent for neutron activation 
at the Soreq Nuclear Center. The calculated activity of the 
seeds was 2.54 mCi. This activity was chosen so that the 
photon dose from these seeds is about the same as that from 
the 0.5 mCi I-125 seeds calibrated by the supplier. 

Tm-170 emits four major X-ray photons (7.4, 51.354, 
52.389, and 59.4 keV) and one γ-ray (84.253 keV) 
furthermore Tm-170 emits two β-rays (Emax= 883.65 keV 
and 967.9 keV). 

B. Dosimetry of Tm-170 Seeds 

Dosimetry of the seeds was carried out in cylindrical 
Perspex phantom made of two 10 cm diameter 9.5 cm 
height cylinders, with a perforation at the center where 
seeds could be placed. Six LiF (Mg, Ti) crystals 3.2 × 3.2 × 
0.9 mm were placed in grooves at different distances from 
the seed and at different angles around it. 

Dose from Tm-170 seeds was accumulated for 10 
minutes.  
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Fig. 1 Radiation dose from Tm-170 seed measured in TLD crystals 

Beta particles were absorbed within 3.5 mm surrounding 
the seed; therefore there was no contribution to the dose as 
measured using the TLD's method.  

C. Implantation of KHJJ Tumors into BALB/C Mice 

Ten to twelve weeks old female BALB/C mice were used 
for implantation of KHJJ tumors. Mice were weighted three 
times a week to monitor their health. Growing tumors were 
palpable in 5 days and measurable by day 7. By day 25, 
their volume approached 400 mm3. Mice showing signs of 
distress or bearing 400 mm3 tumors were sacrificed with 
CO2. Tumor growth was monitored every other day, using a 
digital caliper. Tumor volume was determined by 
measurement of length (l), width (w), and height (h); 

corrections for the ellipsoidal shape of tumor were made 
using the formula:   

Volume = п/6 · l · w · h mm3 

D. Brachytherapy Using Thulium-170 Seeds  

Tm-170 seeds were implanted into mice bearing KHJJ 
tumors. Thulium-170 seeds were kept inside the tumors 
until the tumors either disappeared, at which time seeds 
were surgically removed, or the tumors had grown to a 
volume of ~ 400 mm3 when mice were sacrificed and seeds 
removed. Using a computer-generated random number 
table, tumor-bearing mice were randomized into 3 groups of 
20 mice:  

A. Control group 1, no treatment. 
B. Control group 2, implantation of dummy 

seeds. 
C. Experimental group 2, implantation of Tm-

170 seeds. 
   Cure, delay in tumor growth, or 
undisturbed growth was determined 
according to tumor volume at the end-point. 

III. RESULTS 

A. Control 1 – No Treatment 

Tumors in mice which did not receive any treatment 
grew exponentially with time. Tumors reached a volume of 
400 mm3 within 15–25 days from implantation, as shown in 
figure 2. 
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Fig. 2 Control tumor growth as a function of time 

B. Control 2 –Dummy Seeds Implanted KHJJ Tumors 

Dummy seeds are empty titanium capsules with the same 
dimensions as the Tm-170 seeds; they were activated 
together of the Tm-170 seeds at the Soreq Nuclear Center. 
There was no measurable radiation from these seeds. 

No effect was expected from these seeds on the tumors 
and, as expected, the tumors grew exponentially. Most of 

these tumors reached a volume of 400 mm3 within 15–25 
days.  

C. Thulium-170 Seeds Implanted Tumors 

Tumor growth is shown in Figure 3. Implantation of Tm-
170 seeds resulted in 60% success, 20 % of partial success 
and 20% of failure.  
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Fig. 4 Mice Survival 

Figure 4 summarizes the survival of the control 1 and 
treated mice. 

IV. DISCUSSION 

60% of tumors regressed following implantation of Tm-
170 seeds into KHJJ tumors. Tm-170 as a successful 
brachytherapy source is most likely due to the fact that Tm-
170 emits beta rays of energy up to 960 keV (average 
energy 315 keV), ignoring self absorption of the beta 
particles in the source, a very high dose rate is produced by 
the beta particles (about 270 Gy/hour), which leads to the 
improved results of Tm-170 seeds.  

Photon range is defined as 1/µ, where µ is the energy 
attenuation coefficient. For photons of energies 51, 59, and 
84 keV emitted from a Tm-170 source, the range in water is 
23.7, 31.3, and 38.5 cm, respectively. Bremstralung 
however creates many photons of lower range. 

The Thulium-170 radioactive decay spectrum includes 
5.75% photons of energy above 50 keV (photons of energy 
below 7–9 keV emitted in small quantity); the rest of the 

dose is due to beta rays of high energy and well-defined 
range, and bremstralung photons.  
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Abstract—Intensity modulation radiation therapy (IMRT) is 
an advanced state-of-the-art technique for radiation therapy 
treatment of cancer. X-ray beams with variable photon ener-
gies of 4-20 MV are fundamentally used to deliver radiation 
from LINAC into the tumor targets routinely based on the 
nature and stage of the disease. The radiation delivery process 
would result in the periodic death of the clonogenic cells in the 
malignant tumors following the treatments. Such treatments 
are basically planned and simulated in the treatment planning 
system prior to the clinical implementation in the patients. The 
outcome of such treatments can be evaluated by assessing the 
dose volume histograms (DVHs) for various tumor targets and 
the critical structures in IMRT treatment plans. An in-house 
built software called Histogram Analysis in Radiation Therapy 
(HART) [1] was utilized for DVH assessments, plan indices 
evaluations, dose response modeling for various organs, and 
the radiation toxicity analysis in critical organs of twenty head 
and neck cancer patients treated with sequential IMRT boost 
(SqIB) techniques at Northwestern Memorial Hospital. DVH 
analysis module is the most common application in HART. In 
addition to it, it also offers spatial DVH analysis, plan-indices 
evaluation tool box, and biological model based outcome 
analysis modules. Furthermore, HART is an useful tool for 
various clinical applications in radiation therapy treatment of 
cancer. It also provides a strong support for radiotherapy 
research, and it is freely available to the radiation oncology 
community [2]. 

Keywords—IMRT, DVH and HART. 

I.   INTRODUCTION 

A well designed treatment plan is very important for the 
precise accomplishment of the treatment of cancer using 
photons or particle beams. In general, a treatment planning 
system (TPS) utilizes the computed tomographic (CT) scan, 
positron tomographic (PET) scan, magnetic resonance im-
aging (MRI) scan, ultrasound (US) images and multi-
modality imaging techniques for precise identification and 
delineation of the targets and its neighboring anatomy in a 
patient body. The CT simulator determines the real-time 
geometry of the organ and target location for the ultimate 
planning purpose for the treatments. The selectivity of the 
appropriate photon beams and particle beams, relative beam 
weights, field size, beam orientation, the dose computation 

algorithm, organ segmentation and target volume delinea-
tion would be the crucial factors for the optimal treatment 
plan design and simulation in the TPSs. 

The quality of a radiotherapy treatment plan is generally 
evaluated from the two dimensional (2D) or three dimen-
sional (3D) isodose distributions in a region of interest 
(ROI), and the dose-volume histogram (DVH) analysis for 
targets and organs contoured in the plan. A cumulative 
dose-volume frequency distribution (cDVH) summarizes 
the radiation distribution within a volume of interest in 
targets and critical organs (ORGANS) contoured in a treat-
ment plan for a patient. So DVH is a powerful tool for eva-
luating IMRT treatment plans. The clinical use of DVHs for 
the treatment of various types of cancer has been well  
reported in the literature.  

IMRT plans were first designed and simulated in Pinna-
cle3 TPS prior to the treatment of patients. The sequential 
IMRT boost (SqIB) technique was implemented in clinics at 
the dose rate of 150 cGy/fraction and BID basis at the aver-
age cumulative prescription dose (PD) of 71.8 ± 3.0 cGy for 
the treatment of twenty head and neck cancer patients 
(N=20) in this retrospective study.  

Plan indices (PIs) evaluation is also one of the alternative 
techniques for the assessments of IMRT treatment plans. It 
takes into account of the dose homogeneity, target coverage, 
and the sparing of normal tissues in a proposed treatment 
plan. The search for a single parameter to quantify the qual-
ity of a radiotherapy treatment plan has been ongoing, but 
as of yet unsuccessful. In this perspective, a simpler method 
of PIs evaluation technique for IMRT treatment has been 
utilized in this study. 

The main objective of the study was to analyze the head 
and neck IMRT treatment plans using the DVH statistics, 
PIs, and an in-house built software HART [1,2]. Further-
more we also explored the feasibilities on dose response 
polynomial modeling (POLYMODEL) using cDVH curves 
for various ORGANs contoured in the treatment plans. Such 
ORGANs are much vulnerable to the radiation toxicity 
following the radiation exposure to the target in radiother-
apy treatments. Such ORGANs could get intoxicated due to 
the radiation exposure to the target in a real-time treatment. 
In this perspective, we have analyzed the impacts due to 
radiation exposure to the ORGANs by taking into account 
of the effects of the cumulative PD distribution on standard 
dose tolerance (TD50) of the corresponding ORGANS in 
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the IMRT treatments. HART was utilized for the efficient 
and precise extraction of the DVH statistics using the PO-
LYMODELs of the cDVH curves for the ORGANs. 

II.   MATERIALS  AND METHODS 

A.   IMRT Plan Evaluations 

Four different IMRT plans (PTV1, PTV2, PTV3 and 
COMPOSITE) were simulated using nine photon beam 
segments in Pinnacle3 prior to the treatment as shown in 
Fig. 1. The plans were clinically tested and validated prior 
to the treatment of the patients (N=20). In consistent with 
the clinical practice, the 6 MV X-ray photon beams were 
delivered from MLC supported linear accelerator (LINAC; 
Elekta: SLA series). 

 
Fig. 1 Nine beam alignment for treatment simulation in an IMRT plan 

IMRT data for the patients (N=20) were exported from 
the treatment plans into the American Association  of 
Physicist in Medicine and Radiation Therapy Oncology 
Group (AAPM/RTOG) data format files in the Pinnacle3 for 
plan evaluation purpose [1]. HART efficiently extracted the 
DVH data statistics from the differential DVH (dDVH) data 
stored in RTOG format files for corresponding targets and 
structures contoured in the treatment plan for each patient as 
shown in Fig. 2.The average estimated run time was typi-
cally 10 minutes for histogram simulations and extraction of 
more than 4500 data points per patient. 

Planning target volumes (ptv1, ptv2, ptv3) correspond to 
the largest, intermediate and the smallest boundaries of the 
three dimensional target volumes in PTV1, PTV2, and 
PTV3 plans respectively. Similarly the composite volume of 
the target corresponds to the smallest of the three ptvs (ptv1, 
ptv2, ptv3) in the COMPOSITE plan for the study. The 

DVH statistics were extracted at the typical range of PD of 
39-46 Gy for ptv1, 10-15 Gy for ptv2, 10-24 Gy for ptv3, 
and 64-75 Gy for composite volume in PTV1, PTV2, PTV3 
and COMPOSITE plans respectively for the twenty patients 
(N=20).  

 

Fig. 2 Organ segmentation and isodose distribution in an IMRT plan 

The DVH parameters examined for each ptvs and the 
composite volume were PD, mean dose (DMEAN), maxi-
mum dose (DMAX), and the normalized volume 
(NVOLUME) covering 93%, 95%, 100%, 105%, 110%, 
115%, 120% of the PDs respectively. The NVOLUME 
covering 25%, 50%, 75% and 100% of the PD at gross 
tumor volume (GTV) and fourteen  ORGANs (n=14) con-
toured in each plan were also evaluated for the possible 
radiation toxicity in the corresponding normal structures in 
twenty patients (N=20).  

The PIs analyzed were the dose conformality index (CI), 
homogeneity index (HI), percentage target coverage (PTC), 
and conformal number (CN) at prescription isodose vol-
umes (PDVs) in the IMRT treatments [3, 4]. These PIs were 
evaluated using the DVH parameters for all ptvs and the 
composite volume of the target, and the irradiated fractions 
of all critical structures at 100% PD in respective plans for 
each patient. Statistical analyses for all indices were further 
performed to determine the mean PIs for the ten patients 
(N=10) treated with SqIB techniques. 

B.   Dose Response Models  

ORGANs can be categorized as homogeneous or inho-
mogeneous structures depending on the nature of the tissues.  
A statistical parameter called Fano-factor (FF) has been 
introduced in HART for the evaluation of relative tissue in- 
homogeneity of ORGANs, and the local constraint of the  
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targets in the real-time treatments. FF was computed by 
utilizing optimal polynomial fitting of the cDVH curves for 
twenty-six structures (n=26) and the target (GTV) for each 
head and neck cancer patient (N=20) in HART. FF corre-
sponds to the absolute inhomogeneous poisson distribution 
of random events in a given frame of reference. Unity FF 
specifically accounts for the variance in the size of the vox-
els or counts relative to the proposed POLYMODEL such 
that the variance equals to the mean size of the voxels or 
counts in the random distribution of dose in a volume of 
interest in a treatment plan.  

HART iteratively performed optimized polynomial simu-
lations of the cDVH curves of each target and structures 
contoured in the plan. Furthermore DVH statistics were 
extracted at the cumulative PD and dose tolerance (TD50) 
using POLYMODELs of cDVH curves of the correspond-
ing ORGANs in HART. The impact of cumulative PD on 
TD50 of each ORGAN (n=14) was also analyzed in the 
COMPOSITE plan for each patient (N=20) in order to ac-
count for the normal tissue complication probabilities of the 
ORGANs.  

III.   RESULTS 

Statistical means (N=20) of PD, DMEAN and DMAX 
distributions in all ptvs and the composite volume in four 
IMRT plans have been systematically reported in Table 1.  

Table 1 DVH statistics extracted in four different IMRT plans (N=20) 

Parameters PTV1 PTV2 PTV3  COMPOSITE 

PD   41.0 ± 3.2 13.9 ± 1.9 16.9± 4.2 71.8 ± 3.0 

DMEAN   42.6 ± 3.3 14.3 ± 1.9 17.2± 4.7  69.5 ±3.8 

DMAX   45.6 ± 3.3 15.3 ± 2.2 18.4± 5.2 76.8 ± 6.5 

The statistical analysis of the dose volume coverage in 
targets showed that the average NVOLUME (N=20) above 
93%, 95%, 105%, 110% of PD, were also found to be (0.98 
± 0.01), (0.97 ± 0.01), (0.37± 0.05) and 0 respectively in all 
ptvs and composite volume in four IMRT plans respectively. 
The 100% NVOLUME coverage of all ORGANs were 
found to be irradiated with extremely small doses in consis-
tent with international commission on radiation units and 
measurements (ICRU) guidelines. Similarly the mean values 
(N=10) for all PIs were computed for all four IMRT plans 
[3, 4]. The results have been presented in Table 2.  

The computed values of FF indices were found to be 
greater or equal to unity for POLYMODELs of all  

ORGANs. GTV (FF=1) was used as the normalization unit 
in order to assess the relative tissue inhomogeneity of each 
ORGAN. This study showed that a number of 6 to 15  
ORGANs satisfied optimal POLYMODELs with higher 
values of polynomial orders (order > 30; N=20; n=26). 
Similarly a number of 8 to 12 ORGANs satisfied optimal 
POLYMODELs with lower values of polynomial orders 
(order < 10; N=20; n=26) [5]. The ORGANs with higher 
inhomogeneity (FF >1) followed relatively higher order 
POLYMODELs    (order >10). 

Table 2 Plan indices evaluation for four different IMRT plans (N=20) 

Indices PTV1 PTV2 PTV3 COMPOSITE Mean 

HI 1.10±0.01 1.10±0.01 1.10±0.01 1.09±0.01 1.10±0.01

CI 2.37±0.31 2.43±0.30 2.53±0.35 3.01±0.28 2.56±0.25

PTC 0.95±0.01 0.95±0.01 0.94±0.05  0.98±0.01 0.96±0.01

CN 0.41± 0.01 0.41± 0.01 0.40± 0.01   0.40± 0.01 0.40±0.01

POLYMODELs were also used to extract the fractional 
volume coverage of the ORGANs at TD50 and PD as 
shown in Fig. 3. Risk analysis in the critical structures was 
also pursued in the COMPOSITE plan for the SqIB treat-
ment techniques. It was very much helpful to understand the 
gross effect due to radiation exposure on each individual 
ORGAN in the treatment. This study revealed that a largest 
amount of the volume of submandibular gland (99%; N=20; 
n=14) became irradiated at PD in IMRT treatment of head 
and neck cancer. 

 
Fig. 3 A poly-fit dose response model for a typical organ in an IMRT plan 
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Similarly the parotid gland was found to be the most vul-
nerable structure with a volume coverage of 76±7 % (N=20; 
n=14) at TD50 (46 Gy) and brainstem was found to be the 
least affected structure at TD50 (55 Gy) in the study. Most 
of the ORGANS were found to be spared below their corre-
sponding TD50 limits. A statistical analysis of HART ex-
tracted DVH data points for NVOLUME coverage for a 
target volume (GTV) and the other ORGANs (n=14) in the 
COMPOSITE plan at cumulative PD of 71.8 ± 3.0 Gy for 
the patients (N=20) has been shown in Fig. 4. DVH statis-
tics were determined within the significance level of 95% 
confidence level in the analysis.  
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Fig. 4 Statistical analysis of DVH parameters for a target-gross tumor 
volume (GTV) and fourteen other critical structures in a COMPOSITE 
IMRT plan for twenty head and neck cancer patients 

IV.   DISCUSSION 

A better correlation of target volume coverage under 
95% and 110% of PDs was also achieved in consistent with 
ICRU guidelines for radiotherapy treatments. Critical struc-
tures were spared below their corresponding TD50 limits. 
Mean HIs, CIs, PTCs for all plans were also found to be in 
good agreement with published results of 1.0 to 1.2 for HI, 
3.0 for CI, and 0.95 for PTC for LINAC based plans [3, 4]. 
However, the smaller values were obtained for CNs. It can 
be attributed to the involvement of a larger number of criti-
cal structures and the planning complexities in the treatment 
of head and neck cancer. Polynomial techniques were also 
efficiently applied for the evaluation of relative tissue in-
homogeneity of ORGANs, and the local constraint of the 
targets in radiotherapy treatment plans [5]. 

V.   CONCLUSION 

We have demonstrated the efficiency, consistency and 
accuracy of the automated software, HART, in the evalua-
tion of the quality of IMRT plans, radiation effects in nor-
mal structures, and the dose response modeling of OR-
GANs. The POLYMODEL techniques can also be 
efficiently and precisely used to determine the dose re-
sponse models for various ORGANs exposed to radiation in 
various types of radiation therapy treatments of cancer. 
Such models are useful to estimate the tissue inhomogeneity 
of ORGANs, and the local constraint of targets in the real-
time treatment.  Notable functions in HART include the 
multi-dimensional histogram analysis, user-defined DVH 
end points and histogram simulations, treatment plan indi-
ces evaluation tools, and outcome analysis toolbox for bio-
logical end points such as tumor control probability (TCP) 
and normal tissue complication probability (NTCP). HART 
is an automated computational tool, and is also supported by 
a simpler graphical user-interface, various graphical simula-
tion options, and a flexible spread sheet output format. It 
specifically supports the radiotherapy research while han-
dling a large number of structures and patient data analyses. 
Thus HART, an open source software system, has tremen-
dous clinical applications in radiation therapy treatment of 
cancer, and is also freely available to the radiation oncology 
community in a complete software package.   
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Monte Carlo Investigation of Stereotactic Radiosurgery of Spinal Metastases 
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Abstract – In this work, we have investigated the dose discrepancy
between the Monte Carlo method and a commercial treatment 
planning system for stereotactic radiosurgery (SRS) of spinal 
metastases. Two treatment plans were generated using the Eclipse 
Pencil Beam Convolution (PBC) and Analytical Anisotropic 
Algorithm (AAA) for each of three patients diagnosed with spinal 
metastases. Retrospective Monte Carlo dose calculations were 
performed on the same patient anatomy and beam setup as in 
Eclipse using the EGS4/MCSIM code. 3-D dose distributions and 
dose-volume histograms (DVH) were analyzed and compared 
between the plans calculated with Eclipse PBC, AAA, and the 
Monte Carlo method. Our results indicated that the target dose 
coverage of the Monte Carlo calculated plan was not as good as 
that in the Eclipse PBC plan with a 9% decrease in homogeneity 
index. The target dose was over-estimated in the PBC plans with 
the mean dose to the PTV on average 6% higher than that 
calculated by the Monte Carlo. On the other hand, the mean dose 
to the spinal cord was also over-estimated in the PBC plans by 
about 6% compared to the Monte Carlo results. AAA calculated 
dose distributions were between those of PBC and Monte Carlo, 
with closer similarity to PBC results. It is highly likely that the 
over-estimation of the PTV dose may lead to under-treatment of 
the tumor and increase the risk of recurrence of cancer in patients 
with spinal metastases. Therefore, Monte Carlo method should be 
used to provide more accurate dose distributions and dose-volume 
histogram analyses for stereotactic radiosurgery of spinal 
metastases.

Keywords – Monte Carlo, stereotactic radiosurgery, image-guided 
radiosurgery, spinal radiosurgery, spine metastases 

I. INTRODUCTION 

Recently the clinical applications of stereotactic body 
radiotherapy (SBRT) and stereotactic radiosurgery (SRS) for 
extracranial lesions have been evolving rapidly and garnered a 
lot of interest [1-2]. This is primarily due to the widespread 
usage of image-guidance available on a variety of radiotherapy 
platforms, such as CyberKnife [3-4], Novalis [5-6], and linear 
accelerators [7-8] when administering high doses to tumor 
targets. Current stereotactic radiosurgery (SRS) practice for 
spinal metastases involves large doses per fraction, usually 10 
to 24 Gy. While CyberKnife and Novalis systems have been the 
primary choice for SBRT treatment of spinal metastases, linear 
accelerator-based intensity modulated SBRT and SRS have 
proved to be equally efficient clinically, due to the fact that 
intensity modulation can be used to maximize conformality and 
provide concave dose distributions to wrap the dose around the 
spinal cord [1, 2, 7, 8].  

It has been demonstrated that large dose discrepancies exist 
among various dose calculation algorithms as compared to 
measurements, especially when lung tissue [9-11], air cavity 
[12], and bony anatomy [12,13] are involved. There are many 

different dose calculation algorithms implemented in a variety 
of commercial treatment planning systems (TPS), and their 
dose calculation accuracy differs noticeably depending on what 
tissue heterogeneity correction is being applied, as has been 
shown in earlier studies [9-13]. So far, all the results of 
previous studies have indicated that in comparison to the 
measurements, Monte Carlo method is the most accurate in 
predicting the dose distributions for lung tissues as well as bony 
anatomy, due largely to the explicit consideration of physical 
interactions of particles with the medium along the path.  

In stereotactic radiosurgery of spinal metastases, the issue of 
dose calculation accuracy becomes extremely important 
because of the large doses being administered in single 
fractions to tumors in close proximity to the spinal cord and 
other organs-at-risk (OAR). While previous studies have been 
focused on the dosimetric comparison of various dose 
calculation algorithms on lung lesions and some simplified 
phantom studies [9-13], a systematic investigation of dose 
calculation accuracy on spine metastases has been lacking. 
Therefore, the goal of this study is to provide a retrospective 
dosimetric investigation using the Monte Carlo method on three 
cases of spinal metastases treated by intensity-modulated SRS 
(IM-SRS) on a Varian Trilogy linear accelerator. We also 
anticipate that accurate dosimetry analyses coupled with data 
on treatment outcomes could be used to improve treatment 
protocols in the future for SBRT/SRS of spinal metastases to 
achieve better local control while reducing neurotoxicity [11]. 

In this work, a BEAM/EGS4 user code, MCSIM, has been 
employed for Monte Carlo treatment planning of three cases of 
spinal metastases using the identical beam setup and monitor 
units used for actual IM-SRS spinal metastasis treatments. For 
comparison, we also calculated the dose distributions with a 
simple pencil beam convolution algorithm (PBC) without 
inhomogeneity correction and a more sophisticated analytical 
anisotropic algorithm (AAA) with inhomogeneity correction 
available in the Eclipse TPS. Dose discrepancies between PBC, 
AAA and Monte Carlo and the impact of these discrepancies on 
IM-SRS of spinal metastases were analyzed. 

II. MATERIALS AND METHOD

A. Eclipse Treatment Planning 

Three patients diagnosed with spinal metastases and treated on 
a Varian Trilogy with Millennium 120 MLC were chosen for 
this study (Varian Medical Systems, Palo Alto, CA). The 
patients were given 24 (case 1), 10 (case 2), and 14 Gy (case 3), 
respectively, in a single fraction using a 6 MV beam with 9-11 
fields. Eclipse TPS (version 8.1.20) and corresponding pencil 
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beam convolution algorithm without inhomogeneity correction 
and analytical anisotropic algorithm with inhomogeneity 
correction were used for treatment planning and dose 
calculations. Prior to this study, both algorithms have been 
validated by comparing calculated results with measurements in 
water phantom during commissioning. 
 
B. Monte Carlo Treatment Planning 
 
The Monte Carlo code EGS4/BEAM was used to simulate a 6 
MV photon beam from a Varian Trilogy [14-15]. Based on the 
obtained phase space information, a multiple source model was 
developed to mimic the beam characteristics in the treatment 
head [17-20]. An EGS4/BEAM user code, MCSIM, was used 
for patient dose calculations with the multiple source model as 
beam input, and its dose calculation accuracy has been 
benchmarked against EGS4/BEAM/DOSXYZ and verified by 
extensive phantom measurements [16, 21-22]. Specifically, 
when using MCSIM to simulate the dose distributions for the 
three cases treated by IMRT with Millennium 120 MLC, each 
dynamic MLC field is simulated by changing the particle 
weighting factors using an intensity distribution reconstructed 
from the MLC leaf sequence file for that field including the 
MLC leaf leakage. 
 
In the EGS4/BEAM phase space simulations, we set the Monte 
Carlo transport parameters to ECUT = AE = 700 keV and 
PCUT = AP = 10 keV. In the MCSIM patient dose calculations, 
ECUT = AE = 521 keV and PCUT = AP = 10 keV. The 
maximum fractional energy loss per electron step is set to 
ESTEPE = 0.04. Default parameters are used for the PRESTA 
electron transport algorithm. A statistical uncertainty (1 ) of 
1% or better has been achieved for all the phantom dose 
calculations. 

 

 
Figure 1: Comparison of our 6 MV multiple source model Monte Carlo 
simulations with the measurements for 10 cm x 10 cm field size at 100 cm SSD 
for (a) central axis percent depth dose and (b) transverse dose profiles at depths 
of 1.5, 10 and 20 cm. 

 
C. Conversion of Monte Carlo Results into Absolute Doses 
 
First of all, Monte Carlo simulation was performed for a water 
phantom at 100 cm SSD for a 10 cm x 10 cm field size using 
MCSIM with multiple source model as beam input. A Monte 
Carlo simulated dose to a calibration point was then obtained. 
The calibration point was at 1.5 cm depth along the central axis 
where the linac beam output for 6 MV has been tuned to be 1 
cGy/MU according to TG-51 protocol. Finally, the reciprocal of 
the dose to the calibration point gave a conversion factor, which 
was unique to this multiple source model. With this conversion 
factor, all our Monte Carlo simulations in the patient CT 
geometry can be converted into absolute doses to water. 
 

III. RESULTS AND DISCUSSION 
 
A. Benchmark Monte Carlo Simulations 
 
As shown in Fig. 1, the central axis PDD and dose profiles at 
three depths (i.e., 1.5, 10 and 20 cm) of 6 MV photon beam 
calculated by the Monte Carlo simulations were compared with 
the measurements for the field size of 10 cm x 10 cm at 100 cm 
SSD. The differences in measured and calculated PDDs were 
less than 0.7% from the dmax of 1.5 cm to the depth of 25 cm. 
The observed maximum difference was less than 3% between 
the depth of 0.5 cm and dmax, while larger discrepancies were 
observed at very shallow depths of less than 0.5 cm, which was 
primarily due to the cylindrical shape of the RK ion chamber. 
The dose profile comparisons have indicated that the maximum 
dose difference was less than 1.5% at high dose regions while 
around penumbra regions where the dose gradient was the 
greatest, the maximum distance-to-agreement (DTA) was 0.1 
cm. The overall agreement between the measurements and 
Monte Carlo simulations has verified the accuracy of our 
Monte Carlo simulations using multiple source model. 
 
B. Case 1: Cervical Spinal Metastasis 
 
As shown in Fig. 2, the dose distributions of the PBC-
calculated plan were quite similar to those of the AAA-
calculated plan except in the target region where the AAA plan 
predicted slightly less conformal target coverage than the PBC 
plan. The reduction in target conformality has also been 
illustrated in the DVH comparison shown in Fig. 3 for the same 
case. In comparison to the PBC plan, the Monte Carlo 
calculated plan predicted much less conformal dose 
distributions to the target. DVH analysis indicated that the 
mean doses to the target and the spinal cord in PBC plan were 
both over-estimated compared to the Monte Carlo results, by 
about 6.8% and 1.7%, respectively, as listed in Table 1. The 
AAA plan also over-estimated the mean doses to the target and 
the spinal cord by about 5.7% and 1.7%, respectively, 
compared to the Monte Carlo results. Overall, the AAA results 
were in between the results of PBC and Monte Carlo plans, 
with much similarity to the PBC ones. This is due to the fact 
that with an absence of lung tissues, the modeling of PBC and 
AAA algorithms for 6 MV photons would work equally well at 
water/bone interface and inside bony structures, consistent with 
the observations of two previous studies [10, 12]. 
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Figure 2: Comparison of a cervical spinal metastasis treated by 11-field IM-
SRS with dose distributions calculated by PBC (top row), AAA (middle row) 
and Monte Carlo (bottom row), respectively. The left column (a), (c), (e) are 
axial views, and the right (b), (d), (f) coronal views. 

 
Figure 3:  Dose volume histogram comparison of the three plans calculated by 
PBC (blue symbols), AAA (green symbols) and Monte Carlo (red symbols), 
respectively, for the cervical spinal metastasis case shown in Fig. 2. The 
prescription dose is 24 Gy. 
 
C. Case 2: Upper Thoracic Spinal Metastasis 
 
The dose distributions shown in Fig. 4 and DVH analysis in Fig. 
5 for this upper thoracic spinal metastasis case confirmed the 
overall pattern observed in Fig. 2 and Fig. 3 for the case of 
cervical spinal metastasis, although part of left and right lung 
tissues were involved in some beams of the plan. In comparison 
to Monte Carlo, the PBC plan over-estimated the doses to the 
target and the spinal cord by about 6.7% and 7.8% on average, 
while the AAA plan over-estimated them by about 5.7% and 
9.0%, respectively. Again, the dose distributions and DVH of 
the AAA plan basically agreed with those of the PBC plan 
while Monte Carlo results indicated lower doses to both the 
target and spinal cord and reduced target dose homogeneity. 
 

 
Figure 4: Comparison of an upper thoracic spinal metastasis treated by 10-field 
IM-SRS with dose distributions calculated by PBC (top row), AAA (middle 
row) and Monte Carlo (bottom row), respectively. The left column (a), (c), (e) 
are axial views, and the right (b), (d), (f) coronal views. 

 
Figure 5: Dose volume histogram comparison of the three plans calculated by 
PBC (blue symbols), AAA (green symbols) and Monte Carlo (red symbols), 
respectively, for the upper thoracic spinal metastasis case shown in Fig. 4. The 
prescription dose is 10 Gy. 
 
D. Case 3: Middle Thoracic Spinal Metastasis 
 
As more lung tissues were traversed, fewer secondary electrons 
were generated along the beam paths and beams were less 
attenuated, compared to the water equivalent tissues. Hence, 
less dose was deposited to the target region which was 
primarily bony structure. As photons exited target region and 
reached spinal cord, the dose deposited to the spinal cord was 
further reduced due to the dose build-down effect at the 
bone/tissue interface [13]. A DVH analysis showed that 
compared to Monte Carlo, the PBC plan over-estimated the 
doses to the target and spinal cord by 3.8% and 9.1%, while the 
AAA plan over-estimated them by 4.1% and 4.8%, respectively. 
 

 Case 1 Case 2 Case 3 Average

Dtarget, PBC / Dtarget, MC 1.068 1.067 1.038 1.058 

Dtarget, AAA / Dtarget, MC 1.057 1.057 1.041 1.052 

Dcord, PBC / Dcord, MC 1.017 1.078 1.091 1.062 

Dcord, AAA / Dcord, MC 1.017 1.090 1.048 1.052 
 
Table 1: The mean dose ratios among the three plans calculated by PBC, AAA 
and Monte Carlo for the target and the spinal cord, respectively. 
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Figure 6: Comparison of a middle thoracic spinal metastasis treated by 9-field 
IM-SRS with dose distributions calculated by PBC (top row), AAA (middle 
row) and Monte Carlo (bottom row), respectively. The left column (a), (c), (e) 
are axial views, and the right (b), (d), (f) coronal views. 

 
Figure 7: Dose volume histogram comparison of the three plans calculated by 
PBC (blue symbols), AAA (green symbols) and Monte Carlo (red symbols), 
respectively, for the middle thoracic spinal metastasis case shown in Fig. 6. The 
prescription dose is 14 Gy. 
 
Clinically speaking, our results suggest that the dose 
distributions calculated by a commercial treatment planning 
system might not reflect what patients would get due to dose 
calculation inaccuracy. The systematic over-estimation of the 
PTV dose and misleading dose-volume histogram analysis may 
lead to under-treatment of the tumor and increase the risk of 
recurrence of cancer in patients with spinal metastases. 
 

IV. CONCLUSIONS 
 

We have investigated the dose discrepancies between the plans 
calculated by the Eclipse pencil beam convolution, analytical 
anisotropic algorithm and Monte Carlo method for intensity-
modulated stereotactic radiosurgery of spinal metastases. Our 
results indicated that target dose coverage in the Monte Carlo 
plan was not as good as that in the PBC and AAA plans with a 
9% decrease in homogeneity index. Compared to the Monte 
Carlo method, both the mean doses to the PTV and spinal cord 
have been over-estimated by PBC by about 6% on average. 
AAA calculated dose distributions were between those of PBC 
and Monte Carlo, with closer similarity to PBC results. Due to 
the nature of a large dose delivered in a single fraction for 

intensity-modulated stereotactic radiosurgery of spinal 
metastases, Monte Carlo method should be used to provide 
more accurate dose distributions and dose-volume histogram 
analyses. 
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Abstract –The purpose of this study is to evaluate the dosimetric 
impact of kilo-voltage cone beam computed tomography 
(kVCBCT) on image-guided radiotherapy (IGRT) of prostate 
cancer with Monte Carlo method. In this study, the 10 MV 
photons from the treatment head and the 125 kV photons from the 
on-board imager of a Varian Trilogy linear accelerator has been 
modeled with EGS4 Monte Carlo code. Using multiple source 
models as beam input, Monte Carlo dose calculations were 
performed with the EGS4/MCSIM on the real patient anatomy 
and beam setup. 3D dose distributions were compared and dose-
volume histograms (DVH) were analyzed to assess the impact of 
kVCBCT doses on the patients. Our DVH analyses indicated that 
during a typical IGRT treatment of prostate cancer, the 10 MV 
photon beams deposited the most doses to the prostate and the 
adjacent critical structures and the kVCBCT-induced excessive 
doses were most significant on the anterior and posterior sides of 
patient anatomy (about 3.5% of prescribed dose) and at the femur 
heads (about 3%). Despite the added CBCT doses, the doses to the 
femur heads, bladder and rectum were still below the limit. Due to 
kVCBCT, the testicular dose has increased to about 1.2 Gy, up by 
330% compared to the regular IMRT without kVCBCT. Reducing 
the kVCBCT field span from 30 cm to 15 cm in superior-inferior 
direction will cut the testicular doses from 4.2 cGy to 0.4 cGy per 
scan. Hence, it is essential to understand the risks of excessive 
doses to the testes and other critical organs and choose 
appropriate scanning protocol when using kVCBCT for patients 
undergoing image-guided radiation therapy of prostate cancer. 
 
Keywords –Prostate cancer, image-guided radiotherapy, kVCBCT, 
testicular dose, Monte Carlo 
 

I. INTRODUCTION 
 

Recently, cone beam computed tomography (CBCT) has been 
introduced into radiation therapy as a very useful diagonostic x-
ray imaging tool for providing 3D volumetric information about 
a patient’s anatomy [1]. Due to the kilo-voltage photons being 
used, kVCBCT can achieve a much higher contrast imaging 
capability than megavoltage photons for soft tissues as well as 
bony anatomy, and has been widely used clinically for daily 
treatment positioning verification and tumor localization [1]. 
However, frequent use of kVCBCT can potentially add a 
significant amount of radiation dose to the patients who have 
already received a large amount of radiation from regular 
megavoltage photon beam treatments [2-11]. Yet, this portion 
of kVCBCT-induced radiation dose has so far not been 
included in the calculation of total dose to the patients and 
usually been ignored by the radiation oncology community, due 
largely to the incapability of dose calculation in commercial 
treatment planning systems for kilo-voltage photon beams. 
 
While previous attempts have been made to characterize the 
dosimetric characteristics of two major kVCBCT modalities 
available for routine clinical procedures of image-guidance 

with both measurements [2-5] and Monte Carlo simulations [6-
11], a systematic investigation of dosimetric impact of 
kVCBCT on the IGRT radiotherapy of prostate cancer 
including the doses to the distal testes has been lacking. 
Threfore, the goal of this work is to provide an accurate 
dosimetric study and evaluation on the impact of kVCBCT on 
the IGRT of prostate cancer using the Monte Carlo method and 
identify potential ways to reduce the doses to organs-at-risk. 
 
In this work, an EGS4/BEAM user code, MCSIM, has been 
employed for Monte Carlo treatment planning of a 5-field 
IMRT plan for prostate cancer treatment using the same beam 
setup and monitor units as in actual treatment. Meanwhile, we 
also calculated the 3D dose distributions of a 364  arc from the 
CBCT scanned at 125 kVp in half-fan mode with half-bowtie 
filter. Excessive doses induced by the kVCBCT to the prostate 
gland as well as the adjacent critical structures and distal testes 
were assessed. In addition, the field size dependence of 
kVCBCT-induced doses has also been investigated. 
 

II. MATERIALS AND METHOD 
 

A. Monte Carlo Modeling of 10 MV Photons 
 
The Monte Carlo code EGS4/BEAM was used to simulate the 
10 MV photon beams from a Varian Trilogy (Varian Medical 
Systems, Palo Alto, CA) [12-13]. Based on our previous study 
[14], we have constructed a three-source model to represent the 
10 MV photon beams emanating from the Trilogy treatment 
head for this work: an extended annular source for the target, a 
planar ring source for the primary collimator and a planar 
annular source for the flattening filter. The source model plane 
is located 28 cm downstream from the target and above the 
upper photon jaws. The geometry and spatial positions of each 
source in the source model follow the manufacturer’s 
specifications and are adjusted to yield the best match in the 
dose distributions between the original phase space and 
reconstructed phase space from our three-source model. Due to 
their negligible contributions to the total doses at depths, the 
contaminant electrons are not included in our three-source 
model. This is based on our phase space characterization 
indicating that the total number of the contaminant electrons is 
only about 0.5% of the total particles scored in the phase space, 
and the average energy of the those electrons is about 2.5 MeV. 
 
B. Monte Carlo Modeling of 125 kV Photons 
 
Likewise, we also characterized the 125 kV photon beams from 
an on-board imager (OBI) of a Varian Trilogy system in half-
fan mode using the EGS4/BEAM code. Based on the beam 
characteristics, it was determined that a four-source model 
could be used to best represent the four most important 
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components in a 125 kV photon beam, that is, the target, the 
exit window, the blades and the bowtie filter. 
 
C. Monte Carlo Dose Calculations 
 
An EGS4/BEAM user code, MCSIM, was used for patient dose 
calculations with the multiple source models as beam input. 
The dose calculation accuracy of MCSIM has been 
benchmarked against EGS4/BEAM/DOSXYZ and verified by 
extensive phantom measurements [15-16]. Specifically, each 
dynamic MLC field was simulated by changing the particle 
weighting factors using an intensity distribution reconstructed 
from the MLC leaf sequence file for that field including MLC 
leaf leakage. A series of co-planar fields around the gantry 
rotation axis has been simulated in MCSIM to mimic the 364  
arc produced by the CBCT on Trilogy. In MCSIM patient dose 
calculations, Monte Carlo particle transport parameters were set 
as ECUT = AE = 521 keV and PCUT = AP = 10 keV for 10 
MV beam and ECUT = AE = 512 keV and PCUT = AP = 1 
keV for 125 kV beam, respectively. A statistical uncertainty (1 ) 
of 0.5% and 2% has been achieved for 10 MV and 125 kV 
beam dose calculations, respectively. 
 
D. Conversion of Monte Carlo Results into Absolute Doses 
 
For 10 MV photons, Monte Carlo simulation was performed to 
a calibration point in a water phantom at 100 cm SSD for a 10 
cm x 10 cm field using MCSIM with three-source model as 
beam input. The calibration point was at 2.4 cm depth along the 
central axis where the linac beam output has been tuned to be 1 
cGy/MU per TG-51 protocol. The reciprocal of the dose to the 
calibration point gave a conversion factor, which was unique to 
this three-source model. For 125 kV photons, absolute dose was 
first measured in air at isocenter per TG-61 protocol with an 
EXRADIN A12 ionization chamber (Standard Imaging Inc., 
Middleton, WI) for a full kVCBCT acquisition in half-fan mode 
[17]. Monte Carlo simulation was then performed to a water 
volume in air with the same beam setup using four-source 
model. The ratio of the two yielded a conversion factor, unique 
to this clinical setup and the model. With both conversion 
factors, all the Monte Carlo simulations in the patient CT 
geometry can be converted into absolute doses to water. 
 

III. RESULTS AND DISCUSSION 
 
A. Validation of Monte Carlo Simulations 
 
As shown in Fig. 1, the central axis PDD and dose profiles at 
three depths (i.e., 2.4, 10 and 20 cm) of 10 MV photon beam 
calculated by the Monte Carlo simulations were compared with 
the measurements for 10 cm x 10 cm field at 100 cm SSD. The 
maximum differences in measured and calculated PDDs were 
less than 1.1% from the dmax of 2.4 cm to the depth of 25 cm 
and less than 2% between the depth of 0.3 cm and dmax. The 
dose profile comparisons indicated a better than 1.1%/1mm 
agreement between the two. The Monte Carlo simulations for 
125 kV photon beams have also been compared with the 
measurements in water and shown in Fig. 2. The PDD 
comparison showed less than 2% differences from 0.1 cm down 
to 20 cm while the dose profile comparisons along x-axis at 

depths of 1, 5 and 10 cm yielded a better than 3%/1mm 
agreement between the two. The overall agreement between the 
measurements and Monte Carlo simulations has verified the 
accuracy of our Monte Carlo simulations using multiple source 
models for both 10 MV and 125 kV photon beams. 

 

 
Figure 1: Comparison of our 10 MV multiple source model Monte Carlo 
simulations with the measurements for 10 cm x 10 cm field size at 100 cm SSD 
for (a) central axis percent depth dose and (b) transverse dose profiles at depths 
of 2.4, 10 and 20 cm. 

 

 
Figure 2: Comparison of our 125 kV multiple source model Monte Carlo 
simulations with the measurements for the default half-fan mode at 100 cm 
SSD for (a) central axis percent depth dose and (b) dose profiles along x-axis at 
depths of 1, 5 and 10 cm. 
 
B. Dosimetric Comparison of 10 MV IMRT vs. 125 kV CBCT 
 
The comparison of Monte Carlo calculated dose distributions 
for a 10 MV 5-field IMRT plan and a 125 kV CBCT scan in 
half-fan mode has been given in Fig. 3 (axial views), Fig. 4 
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(coronal views), and Fig. 5 (sagittal views), respectively, with 
the corresponding DVHs compared in Fig. 6. Overall, the 10 
MV IMRT plan yielded a highly conformal dose distribution 
around the prostate gland while largely avoiding the adjacent 
critical structures such as rectum and bladder, typical of IMRT 
treatments. Since photon jaws blocked almost all of the primary 
photons and the testes were relatively distal from the prostate, 
the testicular dose from direct exposure and indirect scatter was 
reduced to minimum, as shown in Fig. 6(a) and Table 1. The 
kVCBCT, on the other hand, induced significantly more doses 
to the testes as shown in Fig. 5(b) and Fig. 6(b), due to the large 
field span (~24 cm) along superior-inferior direction employed 
in default half-fan mode. As listed in Table 1, the kVCBCT 
added less than 11% of doses to prostate, rectum, bladder and 
femur heads while inducing a 433% increase in testicular dose, 
as compared to 10 MV IMRT. Due to enhanced photoelectric 
effect in bone for kV x-rays compared to the megavoltage beam, 
the kVCBCT-induced doses were most significant at the femur 
heads (about 3% of prescribed dose). High doses were also 
observed on the anterior and posterior sides of patient anatomy 
(about 3.5% of prescribed dose) due to the 364  arc, with 
slightly higher doses on left lateral than on right lateral, 
consistent with the earlier measurement results [4-5] and Monte 
Carlo simulations [7,9,11]. 
 

 
Figure 3:  Comparison of Monte Carlo calculated dose distributions in axial 
views for (a) a 10 MV 5-field IMRT plan, and (b) a 125 kV CBCT scan in half-
fan mode with half-bowtie filter. 
 

 
Figure 4: Comparison of Monte Carlo calculated dose distributions in coronal 
views for (a) a 10 MV 5-field IMRT plan, and (b) a 125 kV CBCT scan in half-
fan mode with half-bowtie filter. The field span in superior-inferior direction is 
23.6 cm by default. 
 

 
Figure 5: Comparison of Monte Carlo calculated dose distributions in sagittal 
views for (a) a 10 MV 5-field IMRT plan, and (b) a 125 kV CBCT scan in half-
fan mode with half-bowtie filter. The field span in superior-inferior direction is 
23.6 cm by default. 
 

 

 
Figure 6: Comparison of dose volume histograms for (a) 10 MV 5-field IMRT 
plan, and (b) 125 kV CBCT scan in half-fan mode with half-bowtie filter. 
 

Doses to 
organs (cGy)

10 MV 
(1 fraction Tx) 

125 kV 
(1 kVCBCT)

% 
increase 

Prostate 184.8 3.2 1.7 

Rectum 101.4 3.8 3.7 

Bladder 63.2 3.6 5.7 

Femur heads 47.6  5.2  10.9

Testes 0.6 2.6 433 
Table 1: Comparison of mean doses to the prostate and critical structures due 
to one fraction IMRT treatment with 10 MV and one kVCBCT with 125 kVp 
photons. The % dose increases due to kVCBCT are shown on rightmost column. 

 
C. Factors Affecting Testicular Doses 
 
Previous studies indicated that hypogonadism can be clinically 
appreciated at testicular doses in the range of 2 to 4 Gy [18-20]. 
The distance between the testes and the border of radiation field 
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has been identified as one of the most contributing factors to 
testicular dose [21-22]. In the context of kVCBCT for prostate 
cancer, it is the field span along the superior-inferior direction 
that determines how much dose will be deposited to the testes. 
As shown in Fig. 7, the kVCBCT-induced doses to the testes 
have increased from 0.4 cGy to 4.2 cGy per scan as the field 
span varied from 15 cm to 30 cm. Compared to the 2.6 cGy 
received by the testes at the default field span of 23.6 cm for the 
half-fan mode with 125 kVp, a slight increase of field span to 
26 cm would cause 18% more doses to the testes. Hence, the 
field span for kVCBCT should be carefully chosen to avoid 
unnecessary excessive doses to the testes while maintaining 
enough bony anatomical details for 3D volume matching. 
 

 
Figure 7: The mean doses to the testes due to kVCBCT as a function of the 
distances from the isocenter to the inferior border of field for a default half-fan 
scanning mode with 125 kVp. The error bars indicate the maximum and 
minimum doses to the testes. Note the 11.8 cm is the default field border 
projected at the plane of 100 cm SSD. The mean distance from the prostate to 
the testes is about 12.3 cm for a normal male adult. 
 

Another issue worth exploring is the dependence of doses to the 
testes, femur heads and other OARs on the peak kilo-voltage. 
Since a range of 40 to 125 kVp beam energy is available on the 
Varian Trilogy for either half-fan or full-fan CBCT scanning, 
we anticipate varied doses to these organs due to the increased 
photoelectric effect of kV x-rays in moderately high atomic 
number materials such as bone. Further investigation of this 
beam energy dependency of CBCT-induced doses is under way. 
 

IV. CONCLUSIONS 
 

We have accurately modeled both the 10 MV photons for high 
dose IMRT treatments of prostate cancer and the 125 kV 
photons for CBCT on a Varian Trilogy using the Monte Carlo 
method and successfully mapped the 3D dose distributions. Our 
results indicated that the 10 MV photon beams deposited the 
most doses to the prostate gland and the adjacent critical 
structures while the kVCBCT-induced excessive doses were 
most significant on the anterior and posterior sides of patient 
anatomy (about 3.5% of prescribed dose) and at the femur 
heads (about 3%). Despite the added CBCT doses, the doses to 
the femur heads, bladder and rectum were still below the limit. 
However, due to kVCBCT, the testicular dose has increased to 
about 1.2 Gy for a typical IGRT treatment of prostate cancer, 
up by 330% as compared to the regular IMRT without 
kVCBCT. Reducing the kVCBCT field span from 30 cm to 15 
cm in superior-inferior direction would cut the testicular doses 
from 4.2 cGy to 0.4 cGy per scan. Our results suggest that it is 
essential to understand the risks of excessive doses to the testes 
and other critical organs and choose appropriate scanning 

protocol when using kVCBCT for patients undergoing image-
guided radiation therapy of prostate cancer. 
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Abstract— The stiffness of cells is strongly influenced by 
specifics in their cytoskeleton. Their mechanical properties, 
therefore, are an easily accessible parameter for distinguishing 
between cells. Monitoring the cell deformation under the influ-
ence of external forces provides all the advantages of a label-
free characterization, e.g. avoiding interference with the 
physiological state and obviating time-consuming labeling 
steps that also increase the intricacy of microsystems. In this 
way, individual cells can be identified in on-chip microfluidic 
applications before they are transferred to further manipula-
tion steps, like fusion, sorting, exposure to chemicals or others. 

We use an electrically induced stretching of intact cells. 
This gives a distinct elongation of different cell lines. As an 
example system, we present results obtained from two well-
established cancerous and non-cancerous cell lines. They differ 
in the extent of stretching displayed at the same electric forces 
and in the remanence strain after electric field removal. This 
deformation reflects differences in the internal cell structure: 
separate perturbation of cytoskeleton components indicated 
that the mechanical response in the chosen regime is defined 
primarily by the microtubule system. 

The advantage of electric fields for this purpose is that the 
integration of only two microelectrodes into the microfluidic 
chips is sufficient. This solution, therefore, is cheap since the 
respective manufacturing techniques are well established. The 
electric fields can be controlled finely by appropriate software 
programs. Overall, these benefits facilitate the transition to an 
automated and parallelized cell identification module. 

Keywords— ac electrokinetics, dielectric cell properties, me-
chanical properties 

I. INTRODUCTION 

While cell manipulation methods in fluidic flow systems, 
e.g. by electric fields [1] or ultrasound, are widely available 
and become increasingly complex, another step is often 
neglected although it is a pre-condition to the manipulation, 
namely the identification of individual cells and in some 
cases even their characterization prior to further handling. In 
contrast to staining procedures, label-free identification not 
only offers the advantage of little interference with the natu-
ral state and composition of the cell and its components, but 
also reduces the number of necessary steps in the process, 
like washing, blocking etc. As a result, label-free identifica-

tion is considerably faster and requires less complicated 
setups. 

In this report, we employ the mechanical deformability 
of single cells to distinguish between two closely related 
cell lines, one of which (MCF-10A) originates from a be-
nign transformation while the other (MCF-7) is cancerous. 
Both differ in their inherent mechanical properties so that 
exerting similar forces leads to different deformational 
responses. 

We exert the forces electrically as follows: since the sur-
rounding medium is of low electric conductivity, its po-
larizability is lower than that of the cells. Consequently, the 
electric field of the electrodes polarizes the cells (Fig. 1A). 
To cells flowing by the electrodes in the suspension the 
electric fields appears strongly inhomogeneous, so that 
dielectrophoresis occurs [2, 3]. Thus, the cells are attracted 
to the electrode edges where they can easily be observed. In 
the gap between the electrodes the electric field is more 
homogeneous and effects an elongation of the cells through 
the interaction with charges accumulated at the interface 
between cell and buffer (Fig. 1B). 

To avoid adverse effects on the living cells caused by the 
polarization, e.g. re-distribution of charged molecules, we 
employ radio-frequency signals. Their frequency is too high 
for cellular molecules to become laterally displaced. The 
frequency has to be chosen with care: 

• At low frequencies the lipid membrane isolates the cell 
which is then less polarisable than the surrounding me-
dium. 

• At very high frequencies even solvated ions cannot 
follow the electric field, so that the electric properties of 
the media involved is purely determined by their 
permittivities. The permittivity of cytoplasm is about 
half that of water due to the high spatial structuring of 
charged molecules. Therefore, the cell is also less po-
larisable at very high frequencies. 

So, a frequency window exists in which the cell mem-
brane is capacitively bridged. The polarizability of the cell 
is then determined by the cytoplasm electric conductivity 
which is by two orders of magnitude higher than that of the 
surrounding buffer. Therefore, cells are moved to the elec-
trodes and stretched there. 
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II. MATERIALS AND METHODS 

A. Cells 

Human breast adenocarcinoma cells (MCF-7) and human 
breast fibrocystic disease cells (MCF-10A) were cultivated 
at 5% CO2 and 37 °C. They were harvested by trypsination 
(MCF-7: 13 min., MCF-10A: 10 min.) and re-suspended in 
an isotonic buffer (σ = 5 mS / m) which contained a poly-
mer that effectively reduces non-specific sticking of the 
cells to the microchip surfaces. For the experiments, the 
adherently growing cells were applied to the chips in a sus-
pension. 

 

Fig. 1 A living cell in an electric field applied by two electrodes (black 
stripes on left and right). A. If the cell polarizability is higher than that of 
the surrounding buffer (as chosen here), then a dipole moment occurs as 
shown. B. The external electric field interacts with the effective charges 

and pulls them apart, resulting in a measurable cell stretching. 

B. Microchips 

Planar arrangements of two microelectrodes with gaps of 
usually 20 μm were prepared by UV laser ablation (Lextra 
100, Lambda Physik, Goettingen, Germany) of indium tin 
oxide-plated glass slides (20 mm x 20 mm, Schott AG, 
Gruenenplan, Germany). To reduce buffer evaporation 
effects, silicone troughs with a volume of roughly 200 μl 
were mounted on the slides. The electrodes were driven 
with a function generator at 15 MHz and a square waveform 
(33120A, Agilent). Usually, voltages of 6 Vrms were ap-
plied. 

III. RESULTS 

Through the combined action of diffusion and convec-
tion, MCF cells moved randomly in the suspension volume 
that had been applied to the silicone trough. Those MCF 
cells that came close to the gap between the electrodes ex-
perienced the dielectrophoretic force which moved them 
towards the nearest electrode edge (Fig. 2A). Subsequently, 
the same electric field effected a stretching by acting on the 
charges induced in the cell. This elongation occurs in the 
direction along the electric field lines (Fig. 2B). It was 
measured as the strain ε, i.e. the change in cell long axis Δl 
scaled by the initial diameter l0: 

0llΔ=ε   (1) 

 

Fig. 2 Finite element simulation of the electric field condition in the mi-
crochip by means of Comsol Multiphysics. In this scheme, the electrodes 

are depicted by the black bars at the bottom of the drawings. A. The arrows 
present the direction of the dielectrophoretic force which transports the 

cells to the electrode edges. The electric field strength is indicated by the 
coloring. B. Arrows showing the direction of stretching for a cell at the 
right electrode. For a cell at the left electrode, the direction is exactly 

opposite. It stretches as well. The background coloring codes the electric 
potential. 
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Fig. 3 gives an example of the stretching observed in an-
other cell line (human acute myeloid leukemia cells HL-60). 
A number of different cell types form various tissues and 
species were screened for their elongational behavior. This 
is mainly governed by two factors: 

• the cells' mechanical properties given by the composi-
tion of their cytoskeleton 

• their dielectric properties, e.g. internal and membrane 
electric conductivity and permittivity as well as size 

These latter parameters determine the magnitude of the 
cell polarization and, therefore, the stretching force. In a 
model system of two histologically closely related cell types 
one of which is cancerous (MCF-7) while the other is not 
(MCF-10A), we measured these properties by dielectropho-
retic spectroscopy. The result showed that the forces acting 
on cells of both lines are approximately equal (data not 
shown). In consequence, the following differences in the 
stretching behavior must be attributed to the cells' mechani-
cal properties: 

• When continuously stretched for one minute, the strain 
in the MCF-7 cells reaches a plateau εmax at about 5% 
while it is 15% in the MCF-10A cells. 

• When the stress is released, both cell types exhibit a 
remanence strain. Thus, these experiments clearly oper-
ate in a plastic regime. The remanence strain is 20% 
εmax in the MCF-7 and 40% εmax in the MCF-10 line. 

To further elucidate the underlying mechanism that 
causes these different behaviors, analogous tests were per-
formed in the presence of several cytoskeleton-active tox-
ins: 

• Latrunculin inhibits actin polymerization and, thus, 
causes a disruption of the actin network. When added, 
the cells of both lines become less stiff, i.e. ε increases. 
However, the difference between both lines remains. 

• Colchicine inhibits the microtubule polymerization. Its 
presence also produces a softening of the cells. In con-
trast to latrunculin, the stretching behavior of both cell 
lines becomes indistinguishable. 

IV. DISCUSSION 

The mechanical deformability of cells can serve as a pa-
rameter for cell identification without the need for prior 
labeling [4]. One method to generate the necessary forces is 
to use spatial gradients in laser light intensity [5]. This re-
quires the integration of optical fibers into a microfluidic 
setup. Utilizing electric fields circumvents this condition. 
The feasibility of the approach was shown e.g. with eryth-

rocytes [6]. In our example, its signal-to-noise ratio was 
sufficient to successfully distinguish between two biologi-
cally related, either cancerous or non-cancerous cell types. 
The influence of effectors modifying different parts of the 
cytoskeleton indicates that the deformation investigated 
here is primarily determined by the microtubule network. 

 

Fig. 3 Electrically induced stretching of human acute myeloid leukemia 
cells (HL-60). In this instance, a voltage of 4 Vrms and an interelectrode gap 
of varying width was employed. At the position of the cells, it is 40 μm. A. 

Two living cells have been attracted to the edge of the left electrode by 
dielectrophoresis. B. The electric field between the two electrodes exerts 
forces on the cells resulting in a mechanical deformation. As a result, the 

cells extend across the gap after twelve minutes. 
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V. CONCLUSIONS 

We have shown that the shape deformation of individual 
cells can very easily be induced by means of two simple 
electrodes. Its extent is specific to different cell lines and 
can be measured with inexpensive light microscopy. This 
method is clearly accessible to automation on the basis of 
flow-trough cells. It lends itself directly to the integration 
into a variety of cell sorting and handling applications as an 
initial step for identifying target cells from a mixed popula-
tion. 
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Particle-beam radiation therapy for the tumor of pharyngeal region  
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T. Arimura M.D. , Y. Hishikawa M.D, 

Department of Radiology, Hyogo Ion Beam Medical Center, Hyogo, Japan  

Abstract— The purpose of this study is to investigate the 
treatment result for patient with pharyngeal region and to 
evaluate the difference between proton (PRT) and carbon ion 
radiotherapy (CRT). Thirty-three patients, 18 male and 15 female 
aged from 16 to 81 years underwent at the Hyogo Ion Beam 
Medical Center between May 2001 and August 2008. Twenty-two 
patients with nasopharyngeal and 11 with oropharyngeal cancer 
received PRT for a total prescribed doses of 65 GyE/26 Fr/5.2 
weeks (2.5 GyE/ Fr) or CRT for 57.6 GyE/16 Fr/3.2 weeks (3.6 
GyE/ Fr). The histology was adenoid cystic carcinoma in 17, 
squamous cell carcinoma in 6, malignant melanoma in 3, 
adenocarcinoma in 2, mucoepidermoid carcinoma in 2, and 
others in 3. The UICC TNM classification was T1 in 4, T2 in 9, T3 
in 5, and T4 in 15, and N0 in 29, N1 in 3, and N2 in 1. One case 
diagnosed as M1 was nasopharyngeal adenoid cystic carcinoma 
accompanied by multiple lung metastasis. The tumor response 
was CR in 2, PR in 12, and NC in 14, with a response rate of 50%. 
The overall 3- and 5-year survival rates were 62 and 62% in all 
patients, respectively, and 81 and 81% in those with 
nasopharyngeal cancer. In contrast, none of patients with 
oropharyngeal cancer survived for 3 years. The 3- and 5-year 
local control rates were 79 and 79% in all patients, 84 and 84%, 
in patients with nasopharyngeal cancer, respectively, but slightly 
poor in those with oropharyngeal cancer, with 1- and 2-local 
control rates of 89 and 67%, respectively. There was no 
significant difference between the numbers of patients who 
underwent proton and carbon ion radiations. The differential use 
of proton and carbon ion radiation therapies is an unknown, and 
comparative studies are necessary.           

 

Keywords— Proton radiotherapy, Carbon ion radiotherapy, H&N 
cancer, pharyngeal region  

I. INTRODUCTION  

1. Introduction 
Because of the following characteristics, radical treatment 

conserving function and morphology is necessary for head and 
neck cancers: (1) the surrounding anatomical structure is 
complex, (2) functional and aesthetic sequelae of treatment 
markedly impairs patient’s QOL, (3) organs at risk, such as the 
brain, spinal cord, and lens, are present in complex 
3-dimensional positions. Since tumors in the pharyngeal 
region arise from the regions responsible for swallowing, 
mastication, and vocalization, conservation of function is an 
important aim of cancer therapy. However, advanced cases of 
tumors in this region readily causes lymph node and distant 
metastases, and the histological type varies due to the diversity 
of origin, such as squamous epithelium, salivary gland, lymph 
tissue, and soft region of bone, for which selection of 
treatment is also diverse. In this study, we summarized 

outcomes of particle-beam radiotherapy in the pharyngeal 
region.  
 

II. MATERIALS AND METHODS  

A. MATERIALS  

33 patients with tumors in the pharyngeal region 
underwent proton or carbon ion (particle beams) radiation 
therapy at the Hyogo Ion Beam Medical Center between May 
2001 and August 2008. The patients ranged in age from 16 to 
81 years, with a mean of 63 years. There were 18 male and 15 
female patients, and their performance status (PS) was 0 in 6, 2 
in 26, and 3 in 1. (Table 1) 

The tumor was nasopharyngeal cancer in 22 and 
oropharyngeal cancer in 11. No patient had hypopharyngeal 
cancer. The histological type was adenoid cystic carcinoma in 
17, squamous cell carcinoma in 6, malignant melanoma in 3, 
adenocarcinoma in 2, mucoepidermoid carcinoma in 2, and 
acinic cell adenocarcinoma, papillary squamous cell carcinoma, 
and carcinoma NOS in one each.  

Twenty-eight cases were new, but 5 were recurrent cases 
after chemoradiotherapy (2) or surgery (3). The UICC TNM 
classification was (including malignant melanoma) was T1 in 
4, T2 in 9, T3 in 5, and T4 in 15, showing that many cases 
were advanced, and N0 in 29, N1 in 3, and N2 in 1. Since 
distant metastasis was not included in the indication, 32 cases 
were M0. One case diagnosed as M1 was nasopharyngeal 
adenoid cystic carcinoma accompanied by multiple lung 
metastasis, in which particle-beam therapy was performed 
considering that the lung metastasis is not a major prognostic 
problem, and control of the primary lesion is important. 
 
Table 1 Patient characteristics 
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B. Proton and carbon radiotherapy  

The accelerator system of the particle-beam treatment 
device used consisted of 2 ion sources, RFQ and Alvarez 
linear accelerators, and synchrotron. Carbon ions and protons 
can be accelerated at a maximum of 5 MeV/u using the RFQ 
or Alvarez linear accelerator, and 320 MeV/u by the 
synchrotron. The maximum range in water of proton at 70-230 
MeV/u and carbon ion at 70-320 MeV/u were 40-300 and 
40-200 mm, respectively. There are 5 treatment rooms: rooms 
for radiation in 45 degree, horizontal, vertical, and 
horizontal sitting positions and 2 rotating gantry 
rooms. The gantry system was used exclusively for 
proton radiation therapy (Fig. 1). 

 
Fig. 1 Radiation treatment ward of the Hyogo Ion Beam Medical Center 
(model) 

Prescribed doses employed at other accomplished 
particle-beam radiation therapy facilities were adopted: 65 
GyE/26 Fr/5.2 weeks (2.5 GyE/ Fr) for proton radiation and 
57.6 GyE/16 Fr/3.2 weeks (3.6 GyE/ Fr) for carbon ion 
radiation.  

Treatment plans were prepared as follows: (1) Appropriate 
fixing devices were prepared for individual patients. The 
patient was attached with the fixation device, and imaged by 
plain X-ray CT (Toshiba ASTEION CT Port) at a 2-mm slice 
thickness and cross-sectional MRI (Fillips Gryroscan Intera 
1.5T Master) for planning treatment. The region from the 
parietal to the lower neck region was basically imaged. (2) The 
CT and MRI images were sent on-line to a treatment planning 
system (FOCUS-M, CMS Co.), and the gross tumor volume 
(GTV), clinical target volume (CTV), and organs at risk (OR) 
were input. The planning target volume (PTV) including a 
5-mm margin around the CTV was established, the optimum 
beam direction was set corresponding to the anatomical 
position and tumor-expanded area based on 3-dimensional 
simulation, and the dose distribution was calculated in 
consideration of a penumbra (5 mm). The dose was set so as to 
avoid exposure of the normal lens, brain, spinal cord, lung, 
liver, kidney, and intestinal tissues to doses higher their 
tolerance doses, and the dose volume histogram (DHV) was 

prepared to investigate the volume-dose relationships in the 
CTV, PTV, and OR. (3) Parameters of each gate, such as the 
wobbler diameter, scatterer, ridge filter, range shifter, and 
SOBP, were determined by the treatment planning system. The 
treatment was initiated after about 1 week. A rehearsal was 
performed on the day before radiation to reduce the patient’s 
anxiety, confirm the fixation and transmission of the 
parameters, and prepare reference images. Treatment plan was 
revised with tumor size reduction during the treatment period. 

The tumor response was evaluated based on CT and MRI 
images acquired 4-6 weeks after the completion of treatment, 
and measurable lesions were categorized into complete 
response (CR), partial response (PR), no change (NC), or 
progressive disease (PD) following the WHO criteria1 in. The 
overall survival and local control rates were calculated using 
the Kaplan-Meier method. 
 
III. RESULTS  

A.Tumor response 
28 patients with pharyngeal cancer were evaluable. The 

tumor response was rated CR in 2, PR in 12, and NC in 14, 
with a response rate (CR and PR) of 50% (14 cases).  
 
B. Cause of death 

In 7 patients who died during the follow-up for 3-78 months 
(median: 28 months), the disease was nasopharyngeal cancer 
in 3 (14%) and oropharyngeal cancer in 4 (36%), showing that 
the mortality rate of oropharyngeal cancer was higher. The 
cause of death was the primary disease in 6 and other disease 
in 1, and the location of the causative primary disease was the 
local site in 2, distant metastasis in 3, and local + distant 
metastasis in 1.  

 
C. Overall survival rate and local control rate 

The overall 3- and 5-year survival rates were 62 and 62% in 
all patients, respectively (Fig. 2), and 81 and 81% in those 
with nasopharyngeal cancer. In contrast, none of patients with 
oropharyngeal cancer survived for 3 years, and their 1- and 
2-year survival rates were 100 and 50%, respectively (Fig. 3).   

The 3- and 5-year local control rates were favorable: 79 and 
79% in all patients, respectively (Fig. 2). Those were also 
favorable, 84 and 84%, in patients with nasopharyngeal cancer, 
respectively, but slightly poor in those with oropharyngeal 
cancer, with 1- and 2-local control rates of 89 and 67%, 
respectively. Differences in the background factors between 
the patients with nasopharyngeal and oropharyngeal cancers 
are shown in Table 1. There was no significant difference 
between the numbers of patients who underwent proton and 
carbon ion radiations.  

The dose fractionation is different between proton and 
carbon ion radiation therapies. Although close comparison was 
difficult because this was not a randomized study, we 
compared these because our facility is the only facility in the 
world that can handle both proton and carbon, but there were 
no significant differences in the overall survival rate or local 
control rate (Fig. 4). In adenoid cystic carcinoma possessed by 
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a relatively many patients, the 1-, 3-, and 5-year survival rates 
were 100, 83, and 83%, and the 1-, and 3-, and 5-year local 
control rates were 100, 89, and 89%, respectively 
Examples of actual particle-beam radiation therapies are 
shown in Figs. 5 and 6. 
 

 
Fig. 2 Treatment outcomes of pharyngeal cancer at the Hyogo Ion Beam 
Medical Center (n=33) 
 

 
Fig. 3 Treatment outcomes of nasopharyngeal and oropharyngeal cancers 
 

 
Fig. 4 Comparison of local control rate between proton and carbon ion 
radiation therapies in nasopharyngeal cancer 
 

 
Fig.5 A 68-year-old female with oropharyngeal cancer (T4N0M0 stage IVA) 
Acinic cell adenocarcinoma developed in the soft palate was irradiated with 
carbon ion beam at 57.6 GyE/16 fr, and CR was obtained. The patient is alive 
without disease as of 27 months after therapy. Partial mucositis occurred 
during the radiation period, but oral ingestion was possible. No late adverse 
event occurred. 
 
 

 
Fig. 6 A 68-year-old female with nasopharyngeal cancer (T4N0M0 stage IVA) 
The tumor invaded the pterygoid muscle and base of the skull via the left 
nasopharyngeal submucosa, and reached the left temporal lobe. After proton 
beam radiation at 65 GyE/26 fr, the tumor gradually reduced the size, and is 
controlled at CR condition as of 2 years after therapy. Partial mucitis occurred 
during the radiation period, but oral ingestion was possible. Grade 2 otitis 
media occurred as a late adverse event, and myringotomy was performed. 
 

IV. Discussion 
Thirty-three patients (22 with nasopharyngeal cancer and 11 

with oropharyngeal cancer) were investigated. During the 
same period, 2313 patients underwent particle-beam radiation 
therapy, consisting of 1005 patients with prostate cancer, 368 
with head-and-neck cancer, 344 with liver cancer, and 83 with 
bone soft tissue cancer. Particle-beam radiation therapy for 
tumors in the pharyngeal region accounted for 1.4% of all 
patients and 9.0% of those with head-and-neck cancer, which 
were not high. Since the outcomes of other treatment are 
sufficient, laryngeal cancer is not currently indicated for 
particle-beam radiation therapy. However, based on the 
outcomes of this therapy in the other regions, limited 
application for disease with poor prognosis, such as T2 or 
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severer laryngeal cancer, may be useful. No case of 
hypopharyngeal cancer was treated with particle-beam 
radiation. Since lymph node metastasis readily occurs in 
advanced cases, and the radiation region is wide in such cases, 
it is not included in the indication at present. 

Tumor response rate was noted as 50%. Generally, it is not 
appropriate to discuss the therapeutic effect based on the 
evaluation at 4-6 weeks after the treatment completion because 
tumor size reduction continues slowly after 2 months in many 
cases, and adenoid cystic carcinoma shows an irregular shape 
on MRI and evaluation of its size is often difficult.  

More patients had adenoid cystic carcinoma than squamous 
cell carcinoma, and this was a characteristic of particle-beam 
radiation facilities. Although the investigation was difficult 
because the numbers of cases were not sufficient for 
comparison by histological type, in adenoid cystic carcinoma 
possessed by a relatively many patients, the 1-, 3-, and 5-year 
survival rates were 100, 83, and 83%, and the 1-, and 3-, and 
5-year local control rates were 100, 89, and 89%, respectively, 
which were higher than those in the squamous cell carcinoma 
cases. Other particle-beam radiation facilities also reported 
that the local control was more favorable in non-squamous cell 
carcinoma than in squamous cell carcinoma2, but the reason 
has not been clarified. 

V. CONCLUSIONS   

Head-and-neck tumors respond well to particle-beam 
radiation therapy, even those resistant to conventional 
radiotherapy, such as adenoid cystic carcinoma, malignant 
melanoma, and adenocarcinoma. In addition, concomitant 
anticancer drug administration, the standard treatment in X-ray 
radiotherapy, is not necessary, which facilitates reliable 
treatment with favorable prognosis even in patients in whom 
radical treatment by the previous methods is difficult, such as 
elderly patients and those with liver and renal dysfunctions. 
The differential use of proton and carbon ion radiation 
therapies is an unknown, and comparative studies are 
necessary. 
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A New Synchrotron Radiotherapy Technique with Future Clinical Potential: 
Minibeams Radiation Therapy 

Y. Prezado, M. Renier, and A. Bravin 

ID17 Biomedical Beamline, European Synchrotron Radiation Facility (ESRF), Grenoble, France 

Abstract—Several synchrotrons around the world are cur-
rently developing innovative radiotherapy techniques with the 
aim of palliating and possibly curing human brain tumours. 
Amongst them the Microbeam Radiation Therapy (MRT) and 
more recently the Minibeam Radiation Therapy (MBRT) 
showed promising results. In the MBRT, the beam thickness 
ranges from 500 to 700 micrometers with a separation between 
two adjacent minibeams of the same value, whilst in the MRT 
the thickness is of the order of 25 to 50 microns with a distance 
between adjacent microbeams in the order of 200 microns. An 
original method has been developed and tested at the Euro-
pean Synchrotron Radiation Facility (ESRF) ID17 Biomedical 
Beamline to produce the minibeam patterns by spatially frac-
tionating the incoming beam by a specially developed high 
energy white-beam chopper. The first experimental dosimetric 
studies performed at the ESRF show a good agreement with 
the theoretical dosimetry (Monte Carlo). In addition, two irra-
diation configurations (interlaced minibeams and stereotactic 
minibeams) have been studied in order to maximize the dose 
depo- sited in the tumor and minimize the doses in the healthy 
tissues. 

Keywords—Minibeam radiation therapy, Synchrotron 
radiation,  dosimetry, Monte Carlo simulations. 

I.   INTRODUCTION 

The fundamental goal of radiation therapy is to deliver a 
high therapeutic dose of ionizing radiation to the tumor 
without exceeding normal tissue tolerance. There are some 
particularly radioresistant tumors like gliomas and melano-
mas, the treatment of which is only palliative. High-grade 
gliomas are still of poor prognostic value despite the devel-
opment of many innovative therapies. Stereotactic radiosur-
gery [1], intensity-modulated radiation therapy [2] and  
boron neutron capture therapy [3] are some examples. Ra-
diotherapy of such tumors requires high doses, whereas the 
tolerance of the healthy brain tissues limits the maximum 
allowable dose because of the high risk of normal tissue 
morbidity [4]. The use of concomitant and adjuvant temo-
zolomide and radiotherapy has allowed significant prolon-
gation of survival [5, 6]. However, the outcome still remains  
unsatisfactory. The key parameter is to increase the radia-
tion dose delivered to the tumor relative to the one absorbed 
by the healthy tissues. One solution is to use radiotherapy 
techniques based on what is called dose-volume effect: the 

smaller the field size, the higher the tolerance of the healthy 
tissues [7].  The Microbeam Radiation Therapy (MRT), that 
is under development at the ESRF, is an example of the use 
this principle in radiotherapy. In the MRT technique, the 
irradiation is performed with an array of extremely intense 
microbeams of 50 µm thickness and 200 µm center-to-
center distance. The beam thickness is several orders of 
magnitude smaller than the smallest radiation beam used at 
hospitals (typically from several millimeters to centimeters 
wide). This concept is technically feasible thanks to the use 
of highly intense synchrotron X-ray beams, with a negligi-
ble divergence (allowing the production of sharply defined 
beam edges in tissues) and high flux (allowing a fast irradia-
tion pro- cess in order to prevent motion artifacts of the sub-
ject). This type of irradiation results in dose profiles with a 
pattern of peaks and valleys, with high doses in the mi-
crobeam paths and low doses in the space among them [8]. 
The MRT has already proved its efficiency in preclinical 
studies: several experiments have shown the great capability 
of healthy tissue sparing [9-12] as well as the ablation of 
gliomas [13-16]. Although the biological mechanisms 
working in MRT irradiation are not fully known yet, the 
sparing effect in the healthy tissues in the beam paths before 
and after the tumours has been attributed to rapid biological 
repair of the microscopic lesions by the minimally irradiated 
cells contiguous to the irra- diated tissue slices. Non-
irradiated endothelial cells between the irradiated zones 
could be able to repair rapidly the microvasculature of the 
irradiated normal tissue [9, 13, 14].  Therefore, for healthy 
tissue sparing, the valley doses should be kept as low as 
possible and always below the threshold for tissue tolerance 
[17]. However, to ablate the tumor, the peak-to-valley dose 
ratio should be low in order to suppress the possible repair 
mechanisms. 

The main drawback of the MRT  technique is the fact 
that it needs very intense microbeams (at the ESRF a dose 
rate of 20000 Gy/s is being used) in order to deliver the 
treatment  in a very short time (for example, 300 Gy in frac-
tion of a second) in order to avoid the beam smea- ring from 
cardiosynchronous tissue pulsation [18]. 

Following the principle of spatial fractionation, an ex-
tension of the MRT method has been proposed by A.  
Dilmanian et al. (2006) [19]: the so called Minibeam Ra-
diation Therapy (MBRT). Recent studies showed that 
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beams as thick as 0.68 mm retain part of their sparing ef-
fect in the rats Central Nervous System (CNS). Brains of 
healthy rats have been irradiated with minibeams of 0.68 
mm thickness and 1.36 mm center-to-center distance. No 
observable paralysis or behavioural changes were found 
for deposited doses up to 170 Gy. In addition, they have 
shown that two of such orthogonal microbeams arrays can 
be interlaced to produce a quasi-unsegmented field at the 
target, thus producing focal targeting [19-20]. Their find-
ings strongly support a potential application of interlaced 
minibeams to treat tumors with minimal damage to sur-
rounding normal tissues, hence paving the way to  MBRT 
to a new field of development. The advantage of using 
larger beams is that the dose profiles of minibeams are not 
are as vulnerable as the ones of microbeams to beam 
smearing from cardiosynchronous tissue pulsation [18]. 
Therefore high dose rates are not needed, a normal wiggler 
can be used as the radiation source, being conceivably 
possible in the future the use of a specially tailored X-ray 
tubes without the need of a synchrotron source; at the 
same time, spatially fractionated beams would allow for 
keeping some of the tissue sparing capabilities shown by 
smaller microbeams.  

This new technique could open up several clinical ap-
plications. First, because of its lower impact on the non 
targeted tissue, it might allow the use of higher, potentially 
curative doses in those clinical cases in which tumour con-
trol is not possible nowadays. Second, it might allow re-
treatment of the CNS months or years after the initial 
treatment(s), as well as the treatment of pediatric CNS 
tumors. Third, the sharp dose falloff of the method could 
provide for ‘‘micro-radiosurgery,’’ with more highly lo-
calized deposition of the dose, especially for small- and 
medium-sized targets. Some applications could be stereo-
tactic treatment of non-cancerous disorders such as arte-
riovenous malformations, epilepsy, etc. and the treatment 
of tumors positioned near very sensitive organs such as 
ocular melanoma or tumors nearby the spinal cord. Fi-
nally, this approach might allow for the temporary disrup-
tion of the blood brain barrier in very small brain regions 
(10–20 mm3) for selective delivery of a drug to the brain 
[17]. Some studies have shown a significant prolongation 
of mean survival time when Gadolinium compounds are 
combined with spatially fractionated irradiation like in 
MRT [21, 22].  

II.   DESCRIPTION OF THE TECHNIQUE 

At the ESRF an original method to produce minibeams 
has been developed [23]. It utilizes a specially developed 
high energy white-beam chopper whose action is  

synchronized with the vertical motion of the target moving 
at constant speed. The chopper consists in a series of ten 
tungsten carbide blades, each 6 mm thick, assembled in a 
squirrel cage shape. Its axis of rotation is horizontal and it 
lies on the central axis of the horizontally extended X-ray 
beam. The edges of the tungsten carbide blades have been 
rounded by electro-erosion within a general mechanical 
tolerance of 10 μm. Each opening of the chopper generates 
an horizontal beam print. The beam thickness is 600 μm and 
the inter-beam separation is also 600 μm. The method offers 
an excellent reliability and allows for an easy control of all 
the parameters which are essential for the general safety of 
the treatment.  

III.   DOSIMETRY 

Theoretical (Monte Carlo simulations) and experimental 
dosimetric studies have been performed.  

The Monte Carlo simulations have been performed with 
the code PENELOPE 2006 [24]. 

The experimental dosimetry of such small fields is a 
challenge. Nowadays there is no a single detector able to 
cope with all the features of MBRT. The dosimetry is per-
formed with a combination of detectors (ionization cham-
bers, gafchromic films, etc). 

The first measurements have been performed in a solid 
water phantom in which an ionization chamber (PTW 
31002) and Gafchromic HD-810 films were inserted in or-
der to study the dose profiles in depth. Figure 1 shows the 
comparison between the experimental results and the Monte 
Carlo calculations. A good agreement is obtained. This 
opens the door to the first biological studies in MBRT.   

Figure 1 demonstrates as well one very interesting fea-
ture of minibeams: a very rapid dose fall-off. The penumbra 
of the beams is around 100 μm for the experimental mini-
beams.  This is much smaller than the smaller penumbra 
obtained nowadays in clinical practice (around 3 mm). This 
is particularly advantageous for small targets near sensitive 
organs. In the case of brain tumors this particular feature 
can help in reducing the edema after a radiotherapy  
treatment.   

IV.   OPTIMIZATION OF THE IRRADIATION GEOMETRY 

In order to maximize the dose in the tumor and at the 
same time minimize the doses in the healthy tissues, two 
irradiation geometries have been theoretically studied by 
using Monte Carlo calculations in a human head phantom: 
interlaced minibeams and stereotactic minibeam irradiation 
impinging from 7 entrance directions. 
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In the first irradiation geometry two orthogonal arrays of 
minibeams are interlaced such that the inter-beam spaces in 
one of the arrays are filled by the minibeams of the other 
array. In this way a quasi homogeneous dose distribution is 
obtained in the tumor. The figures 2 and 3 show the dose 
profiles calculated by Monte Carlo in the tumor for an uni-
directional and interlaced irradiations, respectively. A dose 
homogeneity of 90% is obtained in the tumor and in a dose 
reduction of a factor of around 2 is achieved in the healthy 
tissues with respect to the unidirectional irradiation.  

In the second case the irradiation is performed in stereo-
tactic conditions by using 7 minibeam arrays from equally 
spaced entrance angles. Figure 4 shows the dose distribution 
in the central coronal plane of a human head phantom with 
a tumor in the center of the brain. The preliminary calcula-
tions show that to deliver the same integral dose to the tu-
mor than  in the unidirectional irradiation the doses in the 
healthy tissues could be reduced by a factor higher than 7.  

 
Fig. 1 Comparison of the experimental (red dashed lines) and theoretical 
dose profiles (blue continuous line) at 8 cm in a solid water phantom.  The 
doses are in arbitrary units 

Some experiments have been planned in order to bench-
mark those calculations. This will serve to prepare preclini-
cal experiments in animals with the optimum irradiation 
configuration. The precise knowledge of the doses in the 
preclinical studies is crucial in order to extract valid conclu-
sion for the future possible clinical trials.   

V.   CONCLUSIONS 

The MBRT is a new radiotherapy technique under deve-
lopment at the ESRF. The first dosimetry experiments show 
a good agreement with the theoretical calculations for a 
unidirectional irradiation. Two irradiation geometries have 
been studied to optimize the dose deposition in the tumor  

while minimizing the doses in the healthy tissues.. The door 
to the pre-clinical studies in MBRT is now opened. If 
proven successful, the theoretical advantages of using 
MBRT over the existing clinical radiotherapy and radiosur-
gery methods are a) an improved normal tissue tolerance,  
b) a smaller dose falloff distance at the edge of the beam 
which will reduce the dose to the normal tissue. This irra-
diation method seems particularly advantageous for small 
targets near sensitive organs. In addition it could provide a  
 

 
Fig. 2 Dose profile in the center of the tumor in an anthropomorphic head 
phantom from a interlaced irradiation. The doses are in arbitrary units 

 
Fig. 3 Dose distribution in the central coronal plane of a human head phan-
tom irradiated with 7 arrays of minibeams impinging from 7 different 
angles 

potentially more effective combination with tumor-dose-
enhancement agents based on intermediate and high Z-
contrast elements, because of the larger photoelectric cross 
section of  lower beam energies in MBRT. Moreover, even 
if MBRT is being developed in a synchrotron source as at 
the ESRF, it could conceivably be implemented in the fu-
ture with high power orthovoltage X-ray tubes. 
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      Abstract: This study is designed to evaluate dosimetric and 
radiobiological aspects of the treatments of carcinoma of 
cervix treated with HDR brachytherapy in combination of 
external beam radiotherapy. 49 patients with carcinoma of 
cervix treated with external beam radiotherapy plus HDR 
brachytherapy were included in the analysis. FIGO 
classification was used for staging of the tumor and were of 
stage II - IIIB. ICRU-38 definitions of dose points 
specifications were used to determine doses and BED values 
at different points. Some other points, for bladder and 
rectum have also been defined during the planning of these 
patients to see their relevance in planning and reporting and 
found that the bladder and rectum complications have 
significant correlation with BED values of the points which 
have received higher dose. The ICRU reference volume, 
calculated with respect to the point A dose, had positive 
correlation with locoregional control and is a good predictor 
in 2D planning done with orthogonal films.  The doses and 
corresponding BEDs at different point of lymphatic trapezoid 
do not reveal any correlation with neither complication nor 
with local control. The ICRU bladder and rectum reference 
points do not have any bearing with complications hence 
cannot be considered as good predictors. While on the other 
hand the ICRU reference volume calculated with respect to 
the point A dose and corresponding tumor control 
probability have positive correlation with clinical outcome 
hence is considered to be a good clinical predictor.  
 
Key words: HDR brachytherapy, ICRU reference points, 
TCP. 
 

I. INTRODUCTION 
      The carcinoma of cervix is the commonest malignancy 
in India [1, 2, 3] and most patients present in advanced 
stages. To improve the local control in the treatment of 
advanced stage of carcinoma of cervix, many therapeutic 
modalities were used [4, 5]. Chemoradiation is regarded to 
be the standard treatment for all tumor stages [6, 7, 8, 9]. 
The radiation treatment includes either external beam 
radiation therapy (EBRT) or brachytherapy (BT) alone, or 
a combination of two. Various reports have shown a 
positive correlation between the total dose to the local 
tumor control [10,11] and to the complication rates in 
surrounding normal tissue / critical organ [12, 13]. 
Numerous articles have dealt with the use of low-dose-rate 
(LDR) brachytherapy, but very few studies have done for 

high-dose-rate (HDR) brachytherapy (BT) for carcinoma 
of cervix [4, 9, 14,15]. In this study we have analyzed the 
patients of carcinoma of cervix treated with a combination 
of HDR brachytherapy and EBRT. For the dosimetric 
evaluation, the ICRU -38 [16] recommendations were used 
to define different reference points of bladder, rectum and 
lymphatic trapezoid, and ICRU reference treatment 
volume, for each patient in combination with point A 
definition of Manchester dosimetry system [17,18].  Total 
doses and BED values were determined at these points 
delivered by two modalities to correlate complication rates 
and tumor control and the ICRU reference volume were 
used to calculated tumor control probability (TCP).  
 

II. METHODS AND MATERIALS 
49 patients of carcinoma of cervix treated with HDR BT 
and EBRT treatment were included in this study for 
dosimetric and radiobiological analysis. The median age of 
the patients was 50 years (range 30-75). In all cases, tumor 
staging, histologic diagnosis were done as per FIGO 
classification and by biopsies or partial tumor excisions, 
respectively. Clinical manifestations of distant metastases 
and the lymph node status were evaluated for each patient. 
All the patients have received Gemcitabine 150 mg/ mt sq 
along with EBRT as part of the treatment [9, 19]. 
Orthogonal radiographs were taken on conventional 
simulator after insertion of HDR applicators for BT 
planning.  
The local, locoregional control and the bladder and rectum 
complications were recorded periodically during treatment 
and at one month interval after treatment during first year 
using clinical, cytological (pap smear) and radiological 
means. Thereafter it was done every alternate month in 
second year and then six monthly or whenever patient had 
any complaint. The complications which appeared during 
and within six month of starting radiotherapy were taken 
as acute / early complications and thereafter late 
complications. 
The EBRT dose of 45 Gy in 25 fractions delivered in 5 
days a week to whole pelvis by Co-60 Teletherapy unit via 
anterior and posterior parallel opposed fields or box field 
technique when anterior – posterior (AP) separation was 
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over 20 cm. For the HDR BT treatment, patients were 
randomly divided into two groups. Group-1 and group -2 
patients received two fractions of 9.5 Gy per fraction and 
three fractions of 7.5 Gy per fraction to point A, 
respectively. The HDR BT fractions were delivered after 
one week of EBRT with one week interval. Microselectron 
– HDR remote afterloading unit housed with a miniature 
type of stepping source of Ir -192 was used for HDR BT 
treatment. 
       
      For the HDR BT Nucletron applicator consisting 
central tandem and ovoids (colpostats) were used. The 
length of central tandem varied from 4 – 6 cm and the 
diameters of the ovoids from 1.5–2.5 cm, based on the 
patient’s individual anatomy. A rectal marker and folly 
catheter were inserted into the patient’s rectum and 
bladder, respectively, to visualize the rectum and bladder. 
After implantation of the applicator, rectal marker and 
folly catheter, orthogonal films were taken on conventional 
simulator with radio opaque contrast filled in ballon via 
folly catheter. These films were used to define point A and 
point B, the bladder and the rectal points, and the 
lymphatic trapezoid points.  
 
      Source positions within the central tandem and ovoids 
were defined to simulate the Manchester system [17, 18] 
dose distribution with LDR brachytherapy. Planned total 
prescribed dose to Point A (EBRT + HDR BT) was 64 Gy 
and 67.5 Gy, in Group –1 and Group - 2, respectively. 
The control rates were obtained from the post treatment 
(EBRT + HDR BT) failure (control) rates which were 
classified as local (within the brachytherapy reference 
volume), loco-regional (including all types of recurrent 
tumor manifestations within the pelvis), and distant failure. 
While bladder and rectal complications and non-rectal 
gastrointestinal sequelae (small bowel complications) and 
skin were scored according to the LENT SOMA grading 
scale. The control and complication rates were determined 
using the Kaplan–Meier method. The statistical 
significance between the control, complication rates and 
the factors affecting treatment response were calculated by 
the chi-square test method.  

 
      The cumulative biologically effective dose at any 
reference point for combined treatment of EBRT and HDR 
BT can be written by 
CBED = BEDEBRT + BEDICRT  + PCF        (1) 
Where  BEDEBRT = DEBRT [1 + dEBRT /(α/β)],   BEDHDR = 
DHDR [1 + dHDR /(α/β)], and PCF = - [{0.693/(αTp)}(T + G 
– Tk)] = proliferation correction factor. In proliferation 
correction factor, the α, Tp, Tk, T, and G are the coefficient 
of lethal damage in LQ equation, potential doubling time 
of proliferating tumor cells, kick off time in proliferation 
after starting irradiation, treatment time in days, and any 
gap in days between two modalities of radiotherapy or 
between any one therapy, respectively. 
 
      The TCP [13] for ICRU reference volume was 
calculated using following relation 

TCP = exp[ - ρV exp{-α CBED}]    (2) 
 Where ρ is the clonogenic cell density of tumor cells, V is 
ICRU reference volume of HDR BT, and CBED is the 
cumulative biologically effective dose at point A of the 
patient. 
 
      The values of α/β for acute and late complications 
were taken 10 Gy and 3 Gy, respectively [20]. For TCP 
calculations, the values of clonogenic cell density of  ρ = 
108 [21], α/β= 10 Gy [20], α = 0.35 Gy-1 [20], Tp = 6.6 
days[22], and Tk = 28 days [20] were used.  
The CBED for bladder and rectum points were calculated 
using the equation  
CBED = nd[1 + {d/(α/β)}] + ∑ ri[1 + {ri/(α/β)}] (3) 
where n = the number of fractions of EBRT treatment, d = 
EBRT fraction size (Gy), i is the ith fraction of HDR BT 
and i = 1, 2, 3, and r = bladder/rectal dose (Gy) for each 
insertion.  
 

III. RESULTS 
      4 (8.16 %), 26 (53.06 %), and 19 (38.77 %) patients 
had tumors of stages IIA, IIB, IIIB, respectively. 47 (95.92 
%) and 2 (4.08%) patients, respectively, had histologically 
proven squamous cell carcinoma and adenocarcinoma.   
Table – 1 includes the doses at point A and point B for 
each HDR fraction and entire course.  
 
Table 1: Point A and Point B doses in Gy 

Gr
# 

HDR 
Appl. 

# 

Point  A & B doses in Gy ± 1SD(Gy) 

ARt ALt Ave  A BRt BLt Ave B 

1 
1 9.35 9.65 9.50 2.67 2.71 2.69 
2 9.42 9.58 9.50 2.67 2.72 2.70 

Total  18.76 19.24 19.00 5.34 5.43 5.39 

 2 

1 7.45 7.56 7.50 2.16 2.17 2.16 
2 7.42 7.58 7.50 2.13 2.16 2.15 
3 7.40 7.59 7.49 2.10 2.12 2.11 

Total  22.27 22.73 22.50 6.39 6.45 6.42 

 
      Table – 2 includes the doses per fraction, total doses 
for the courses, BED10 and BED3 for the courses at 
different points of lymphatic trapezoid.  
 
Table 2: Doses in Gy at different points of lymphatic trapezoid and 
BED10 and BED3 at these points for total doses in respective groups. 
Gr
# 

HDR 
Appl # 

Rt 
Para 

Lt 
Para 

Rt Com 
illiac 

Lt Com 
illiac 

Rt Ext 
illiac 

Lt Ext 
illiac 

1 

1 0.33 0.35 1.45 1.50 1.90 1.87 
2 0.35 0.39 1.56 1.50 1.87 1.89 

Total 0.68 0.75 3.01 3.00 3.77 3.77 
BED10 0.71 0.78 3.57 3.51 4.52 4.53 
BED3 0.77 0.86 4.88 4.70 6.26 6.32 

2 

1 0.31 0.32 1.34 1.29 1.54 1.43 
2 0.29 0.31 1.18 1.33 1.49 1.47 
3 0.31 0.33 1.24 1.31 1.49 1.45 

Total 0.90 0.96 3.76 3.93 4.52 4.35 
BED10 0.93 0.99 4.32 4.52 5.24 4.99 
BED3 1.01 1.07 5.62 5.88 6.90 6.50 

 
      Tables -3 and 4 listed the same, as in Table – 2, for 
bladder and rectum points including ICRU reference 
points.  
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Table 3: Doses in Gy at different bladder points and respective BED10 and 
BED3 at these points for total doses in respective groups. 
Gr 
# 

HDR 
Appl # 

1 ICRU 
Ref. Point 

2 3 4 5 

1 

1 4.94 3.61 4.41 2.37 4.58 
2 5.34 3.62 4.62 2.37 4.54 

Total 10.28 7.23 9.03 4.76 9.11 
BED10 17.11 10.14 13.87 6.08 14.31 
BED3 33.03 16.93 25.15 9.13 26.43 

2 

1 3.84 2.82 3.64 1.80 3.27 
2 3.54 2.59 3.28 1.78 3.19 
3 3.46 2.62 3.21 1.68 3.16 

Total 10.85 8.02 10.13 5.26 9.62 
BED10 15.69 10.38 14.53 6.34 13.10 
BED3 27.00 15.87 24.80 8.88 21.23 

 
Table 4: : Doses in Gy at different rectal points and respective BED10 and 
BED3 at these points for total doses in respective groups. 

Gr 
# 

HDR 
Appl # 

6 ICRU 
Ref. Point 

7 8 9 10 

1 

1 4.47 3.62 4.20 4.43 3.34 
2 4.43 3.61 4.11 4.05 3.32 

Total 9.17 7.23 8.31 8.48 6.66 
BED10 13.92 10.15 12.21 12.65 9.19 

BED3 25.01 17.00 21.32 22.38 15.10 

2 
1 3.69 2.98 3.48 3.21 2.55 
2 4.09 3.42 3.87 3.58 2.77 
3 3.66 3.11 3.51 3.27 2.50 

 
      The HDR BT reference volume, with respect to point 
A dose, ranged from 149.16 – 340.31 cm3 (233.47 ± 27.30 
cm3) in Group – 1 and from 144.84 – 281.02 cm3 (227.83 
± 32.35 cm3) in Group –2 patients. The TCP values for 
average volume, for each patient, calculated for total 
reference dose (EBRT + HDR BT dose) at point A, using 
clonogenic cell density of 10% of the total cells per cm3 

(109 cells/cm3). The local and locoregional control 
calculated using the Kaplan–Meier method at 2 years. The 
local control at 2 years were found to be 90.47% and 
89.30% for Group -1 and Group -2 patients, respectively. 
While locoregional control at two years were 76.19% and 
78.57% for Group -1 and Group -2 patients, respectively. 
No statistically significant difference was found between 
local control / locoregional control for both the groups 
(p>0.05). 
 
      Early and late complications of bladder, rectum and 
small bowel were recorded as mild (G1), moderate (G2), 
and severe (G3 and G4). In Group – 1 patients, the overall 
early treatment-related complications of 61.90% (23.81% 
of G1, 19.05% of G2 and 19.05% of G3), 90.48% (33.33% 
of G1, 33.33% of G2 and 19.05% of G3), and 85.71% 
(47.62% of G1, 28.57% of G2 and 9.52% of G3) were 
occurred in bladder, rectum and small bowel, respectively. 
While in Group -2 ,these complications were in 46.43% 
(10.71% of G1, 21.43% of G2 and 14.29% of G3/G4), 
46.43% (21.43% of G1, 21.43% of G2 and 3.57% of G3), 
and 64.29% (32.14% of G1, 21.43% of G2 and 10.71% of 
G3) patients in bladder, rectum and small bowel, 
respectively.  There were no late complications observed 
in bladder and small bowel, and 10.71% (mild) in rectum 
in Group -1 patients. While in Group -2 no complications 

in bladder, 7.14% (3.57% mild and 3.57% moderate) in 
rectum and 7.14 % (3.57% moderate and 3.57% severe) in 
small bowel were observed during 2 year period. 
 

IV. DISCUSSION AND CONCLUSION 
      In the cancer centers of developing countries, fewer 
fractionation schemes are more feasible and favorable due 
to economic reasons. Hence we studied two fractionation 
scheme of 9.5 Gy × 2 Fractions and 7.5 Gy × 3 Fractions 
to get future directions.  
 
      This study has many limitation, such as, less number of 
patients, all the patients received chemotherapy as a 
common factor, the volume analysis suggested by ICRU- 
38 was performed using orthogonal 2D planning with 
respect to point A doses, EBRT planning is not done with 
3D planning system so the assumption of homogeneous 
dose within the treated volume of EBRT etc.  
 
      There was no statistically significant difference 
(p>0.05) found in the incident of early and late 
complications, in both the groups. The complications have 
significant correlation with total dose and BED values at 
the points of bladder and rectum which received higher 
doses. No correlation was found between the doses/BED at 
different point of lymphatic trapezoid and small bowel 
complications. The local tumor control significantly 
correlates with ICRU reference volumes, while no 
correlation was found between locoregional control and 
ICRU reference volume. The patient who recurred outside 
the reference volume but within the EBRT treated volume, 
in both the Groups, have their reference volumes closer to 
or smaller than the mean reference volume while the 
patients with larger reference volume had showed up with 
no recurrence during 2 year follow up. The variability in 
the applicator position changed the doses at points A & B, 
and different points of lymphatic trapezoid (Tables –1 & 
2), and at the points of bladder (Table – 3) and rectum 
(Table -4). In most of the cases the bladder and rectum 
points were not at the same place as were in the first 
insertion. In some cases this variation was very high and 
cannot be ignored. Therefore, BED at reference points did 
not significantly correlate with bladder and rectal 
complications, while it has positive correlation with total 
dose and BED at the point which received higher doses. 
TCP is a function of dose at point A and corresponding 
reference volume. But in calculations, we have taken an 
average value of reference volume. As a whole the clinical 
local control for both groups falls well within the limits of 
the calculated values for the parameters of LQ model used 
in this study. 
 
      This study revealed that ICRU bladder and rectum 
reference points in HDR BT of carcinoma of cervix do not 
have any role as a predictor of bladder and rectal 
complications. The calculated dose or BED at different 
points of trapezoid also do not reveal any significant 
correlation between complications and tumor control. It 
can be concluded that in 2D orthogonal planning multiple 
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reference points or in CT/MRI based 3D planning volume 
calculation must be adopted.  
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Abstract— In stereotactic radiosurgery we can irradiate a 
targeted volume precisely with a narrow high-energy x-ray 
beam, and thus the motion of a targeted area may cause side 
effects to normal organs. This paper describes our motion 
detection system with three USB cameras. The motion detec-
tion of a patient was performed by tracking his/her ears and 
nose with three USB cameras, where a pattern matching be-
tween a predefined template image for each view and acquired 
images were done with an active search algorithm. The results 
of preliminary experiments showed that the measurement 
accuracy of our system was less than 1.4 mm. We designed a 
new attachment for its clinical application and made a user 
interface for the stereotactic radiosurgery. 

Keywords— stereotactic radiosurgery, pattern matching, mo-
tion tracking 

I. INTRODUCTION  

In stereotactic radiosurgery targeted tumors are irradiated 
with narrow high-energy x-ray beams, and thus any unex-
pected motion of a patient may cause undesirable irradia-
tion. Several methods for tracking a patient’s or tumor’s 
motion have been proposed especially with regards to the 
abdominally breathing motion, e.g., a method with infrared 
markers and a stereo infrared camera[1], method with a 
fluoroscopic imaging system[2], method with electromag-
netic transponders[3], and so on[4].  In these tracking op-
erations we can select one of two strategies: (1) turn the 
beam off when a small movement is detected, or (2) track 
the targeted organs with the beam.  

In this study we proposed a real-time contactless motion 
detection system, in which we detected the motion of the 
patient during the radiotherapy by tracking some areas of 
the patient’s body with three USB (universal serial bus) 
cameras. This system enabled us to check if the irradiation 
is correctly performed and reduced the burden to the patient 
in the radiotherapy at the same time. We conducted funda-
mental experiments for the quantitative assessment of our 
method, and made an attachment for its clinical application.  

II. METHOD 

Fig. 1 illustrates the location of three USB cameras and 
monitoring areas. We assumed that the targeted area in the 
radiotherapy was in a brain. Our system detects the motion 
of some body-parts of the patient such as ears and nose. To 
avoid the radiation damage of USB cameras we used mir-
rors and made a space between the irradiation area of the 
target and these cameras. The movement of the patient’s 
head was monitored with three cameras and the acquired 
images were evaluated with the template images acquired in 
the initial position of the patient’s head.  

Fig. 1 Image acquisition geometry 

Our method detects some body-parts of the patient as 
marker-objects in a pattern matching manner. First, we 
created a standard template for the specified object such as 
an ear or a nose being trimmed from an acquired image. For 
each body-part, motion tracking was performed to acquired 
images during the radiotherapy with each standard template 
mentioned above. The most likely area between the tem-
plate image and an acquired image for each view was 
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searched for with an active search method [5], which per-
forms a template matching 10-1000 times faster than the 
exhaustive search method. This algorithm, however, 
searches for an object in an image by referring to its density 
histogram, and so it sometimes fails due to variations in the 
lighting and other conditions. We therefore introduced a 
mean square error (MSE) calculation into the active search 
method to improve the accuracy of the matching. An outline 
of this algorithm is shown in Fig. 2. The MSE calculation 
was conducted to candidate areas selected by the active 
search method in each image. The combination of the active 
search method and the MSE evaluation achieved a more 
accurate detection of movement with little increase of the 
computation time. 

 
 

 

Fig. 2 Pattern matching algorithm 

III. PRELIMINARY EXPERIMENTS  

In preliminary experiments we used three QVX-13NS 
digital cameras (Logicool, Japan) connected to a note PC 
(Precision M2300, [Core2 Duo T7800 2.6GHz, 4GB mem-
ory], Dell USA) and a head phantom which simulated a 
patient’s head. First, we quantified the relationship between 
an object-detector distance and the size of a pixel in an 
acquired image. Then, we traced some of the body-parts in a 
head phantom on movable stages and verified the accuracy 
of our system. 

 

A. Actual length of a pixel 

To obtain the actual length of a pixel in an acquired im-
age, we examined the relation between the object-detector 
distance and the pixel size in the acquired image. Table 1 
shows the relation between the object-detector distance and 
the actual size of a pixel in an acquired image.  

Table 1 Pixel sizes for three resolutions 

Object-detector distance Resolution 
10 cm 20 cm 30 cm 

160 × 120 0.70 mm 1.36 mm 2.0 mm 
320 × 240 0.35 mm 0.69 mm 1.0 mm 
640 × 480 0.18 mm 0.36 mm 0.55 mm

 

B. Detection error 

We moved the head phantom on a z-stage and a rotation-
stage (Sigma Tech, Japan) vertically and/or circularly at a 
constant speed. We evaluated the absolute error of the de-
tected position by referring to a known motion. 

Fig. 3 shows a photograph of the experiment system in 
which we traced body-parts (both ears and nose) with three 
USB cameras. We set the object-detector distance to 10 cm 
and used the resolution of 320 × 240 pixels as an acquired 
image. The frame rate was set to 10 frames/sec. We tracked 
the motion of targeted body-parts on the object with three 
USB cameras simultaneously under two patterns of move-
ment. Fig. 4 shows a set of samples of acquired images 
(upper) and template images (lower). In the first experiment 
the targeted object was moved only in a vertical direction at 
a motion speed of 2.0 mm/sec. In the second experiment the 
targeted object was rotated at a motion speed of 2.0 deg/sec. 
Fig. 5 shows the absolute detection error. The results 
showed that the absolute detection error was less than 1.4 
mm. 

 

Fig. 3 Target object and camera position in the preliminary experiments. 
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Fig. 4 Upper: acquired images, Lower: template images 

 

 

Fig. 5 Absolute detection error: (a) vertical movement, (b) rotational 
movement 

IV. CLINICAL SYSTEM AND DISCUSSION 

We designed an attachment used for a clinical application 
as shown in Fig. 6. The same USB cameras and the note PC 
described in Section III were used. Fig. 7 shows a user in-
terface of the motion detection system. First, we set a tem-
plate for each view and the motion detection algorithm 
works for images acquired at 10 frames/sec. The resolution 
of the acquired image was 320 × 240 pixels, and the dis-
tance between the face and three cameras was about 10 cm. 

The absolute error to the position of the template image is 
displayed for each view in the form of a graph. And when 
the absolute error exceeds a preset value, the system alerts 
the user with a beep and color in the graph.  
 In clinical situations, the location error of an x-ray 
beam in an irradiation should be suppressed to within 2 mm. 
The maximum tracking errors of our method were 1.4 mm 
and 0.8 mm, and the mean errors were 0.6 mm and 0.4 mm 
with the movement of vertical and horizontal directions, 
respectively. These errors depend on the specifications of 
the camera, the object-detector distance, the resolution of a 
acquired image, and so forth. So it is possible to eliminate 
these errors by optimizing the conditions. We are now 
evaluating this system for several conditions such as a 
change of illumination or effect of irradiation on the meas-
urement system. 
 

 

Fig. 6 Attachment for a clinical application 

 

 Fig. 7 User interface of our motion detection system. Three images shown 
in the left are images acquired at every 1/10 sec and three curves shown in 
the right are absolute errors for these three views.   
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V. CONCLUSION 

The results of our preliminary experiments showed that 
our method could detect the motion of the targeted object 
within a mean error of 1 mm. The results suggested the 
feasibility of its clinical application. 
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Abstract— Concomitant exposures in radiotherapy arise from 
planning CT scans and simulation imaging, portal imaging, 
cone-beam CT (CBCT) and kV verification images.  
The addition of a new linac capable of image guided radio-
therapy, using the Varian On-Board Imager (OBI) system, 
meant new imaging protocols needed to be developed. Baseline 
dose measurements from planning CT scans were required, in 
addition to measurements collected using the OBI CBCT sys-
tem.  

Effective doses were measured on the CT Simulator and 
CBCT using TLDs and an anthropomorphic phantom. The 
effective doses obtained for the CTSim for pelvis and abdomen 
scans were 7 and 9 mSv respectively. Effective doses obtained 
from the CBCT ranged from 3mSv for a low dose pelvis scan 
to 24mSv for a standard dose thorax scan.  
 
Keywords—IGRT, effective dose, Cone beam.  

I. INTRODUCTION  

Concomitant exposures are defined as “all exposures 
within the course of radiotherapy other than treatment expo-
sures” [1]. Concomitant doses are therefore a necessary by-
product of radiotherapy treatment, arising from localisation 
CT scans and simulations performed during planning, and 
kV and MV imaging performed for treatment verification.  

With the development of Image Guided Radiotherapy 
(IGRT) techniques, patient positioning and the locations of 
organs at risk can be checked prior to treatment, through 
both kV and MV imaging. This is likely to result in an in-
crease in the concomitant dose received by the patient. The 
potential detriment from irradiation of normal tissue outside 
of the treatment volume, due to these concomitant expo-
sures, leakage and scatter must therefore be considered. 

Since the introduction of revised legislation in the UK in 
2000 [2], there has been consistent debate over the rele-
vance of the legislation to concomitant exposures in radio-
therapy. The UK legislation was primarily concerned with 
diagnostic exposures and stated that each individual expo-
sure needed to be justified and the dose recorded; this cre-
ated some uncertainty on how to approach radiotherapy 
exposures.  

 It is recommended that the practitioner should justify the 
concomitant exposures at the beginning or during the course 

of radiotherapy and that site-specific protocols should be 
developed with an agreed total effective dose [1]. A recent 
report; “On target: ensuring geometric accuracy in radiothe-
rapy” also suggests that an effective dose action level 
should be set (e.g. 100mSv) [3]. Harrison has suggested an 
alternative approach; that an imaging dose equal to that 
received from scatter and leakage is acceptable, given that 
the latter are implicitly justified as part of radiotherapy [4]. 
What is generally agreed is that justification should assess 
the impact of concomitant dose against age and prognosis 
[3][5][6][7][8]. 

At the Kent Oncology Centre prostate IGRT has recently 
been implemented which required imaging protocols to be 
developed. It was therefore necessary to determine the mag-
nitude of concomitant doses delivered in simulation and 
verification processes.  Measurements were collected for 
CT localization, simulation procedures, and verification 
using kV imaging and CBCT. This paper focuses on the 
results obtained from CT simulation and CBCT. 
 

II. MATERIALS AND METHOD 

A. CT Simulator Organ dose measurements 

Organ dose measurements were performed on both the 
CT Simulator (Siemens Sensation Open (Siemens Medical 
Solutions, Germany) and the Varian OBI CBCT (Varian 
Medical System Inc. Palo Alto, CA). 

 A male anthropomorphic Rando phantom (The Phantom 
Laboratory Inc, Salem, NY) was used with thermolumines-
cent dosimeters (TLDs) (Harshaw TLD-100, LiF:Mg,Ti 
(Thermo Fisher Scientific Inc, Waltham, MA)). The TLDs 
had been previously organized into batches of approximate-
ly 50 TLDs of similar response. Within each batch each 
TLD had a specific sensitivity correction determined prior 
to their first practical use. 

Calibration measurements were performed using a 10cc 
MDH 2026C CT ionization chamber (Radcal Corporation, 
Monrovia, CA) positioned inside sheets of water equivalent 
plastic to simulate the conditions inside the phantom. This 
chamber had been externally calibrated over a range of Half 
Value Layers (HVL). The HVL of the CTSim was meas-
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ured and this allowed a specific calibration factor to be 
extrapolated for the CT Chamber. A 24 x 1.2mm single 
sequential slice was used for calibration to cover the CT 
chamber as fully as possible. CAREDose 4D tube current 
modulation was switched off and the current varied between 
33 and 500mA.  A calibration factor was applied to the 
collected readings, alongside corrections for temperature, 
pressure and the length of chamber irradiated. The CT 
chamber was then replaced with TLDs, the cavity filled 
with wax, and the scan repeated. Two TLDs were used per 
scan and three for background measurement. A separate 
calibration was performed for each of the batches each time 
they were used. Each batch was annealed, irradiated and 
read out together on the same day. This minimized the ef-
fects of variation in technique. 

After calibration the remaining TLDs were positioned in-
side the Rando phantom. The positions of the main organs 
outlined in ICRP 60 [9] were determined. TLDs were posi-
tioned in-between slices at relevant positions for each or-
gan. Air gaps between the slices were minimized by using 
thin sheets of wax with cut-out holes to ensure reproducible 
positioning of the TLDs. 

Pelvis, abdomen and thorax scans were performed, all us-
ing CAREDose 4D as would be used clinically. For each 
scan a new batch of TLDs was used, each with its own 
calibration. Topograms were performed beforehand, repre-
sentative of clinical practice. Both the topograms and scans 
were repeated three times to allow a significant dose to be 
collected on the TLDs, this was especially important for 
doses to organs far outside the scanned region. 

Mean dose values were obtained for each organ, for each 
scan. The weighting factor for each organ defined in ICRP 
60 was used to calculate an effective dose, using Equation 
1; 

∑=
T

TT HwE           (1) 

Where E is the effective dose (Sv), HT is the individual 
organ dose (Gy) and wT is the tissue weighting factor. 

Subsequent to the publication of ICRP 103 the use of 
new tissue weighting factors was considered; however the 
addition of new organs not listed in ICRP 60, meant that 
insufficient data had been collected for an adequate analy-
sis. 

B. Cone Beam CT Organ dose measurements 

As part of commissioning and developing imaging proto-
cols, organ dose measurements were performed for CBCT 
scans, again using the Rando phantom and TLDs.  
The CBCT has two different settings; a standard dose mode 
(120kV, 80mA, 25ms) and a low dose mode (120kV, 
40mA, 10ms), both of these settings were used. 

The TLD calibration dose measurements were performed 
on the CBCT using a Farmer ionisation chamber inside 
water equivalent plastic. The Farmer chamber had been 
cross calibrated against the Secondary Standard ionisation 
chamber in the CBCT beam; a recombination correction had 
also been obtained. 

To perform the calibration a single cone-beam scan cor-
responding to a single rotation of the gantry was used. A 
full fan beam with a 15cm x 15cm field of view (FOV) was 
used with a 12cm scan length. Since the CBCT has only two 
default dose settings, a range of calibration doses were 
achieved by using varying amounts of water equivalent 
plastic to attenuate the beam. Doses ranging from 5 to 
120mGy were used. Although the varying attenuation 
would cause some beam hardening it was believed that this 
would have a minimal effect on the calibration factor. Read-
ings were corrected for temperature, pressure and recombi-
nation and a calibration factor was applied.   

For calibration the TLDs were positioned where the Far-
mer chamber had been, with the chamber space filled with 
wax. Again two TLDs were used for each calibration, with a 
separate calibration for each batch.  

To measure organ doses TLDs were positioned in the 
same locations as used for the CTSim scans. As far as poss-
ible the same scans were created on the CBCT and on the 
CTSim. However, instead of separate pelvis and abdomen 
scans, only one pelvis scan was performed, since the CBCT 
does not have different anatomical protocols like the 
CTSim. 

 It was not possible to replicate the scan length used for 
the chest scan since the scan length used on the CBCT is 
currently dependent on the width of the flat panel imager. 
The superior end of the CBCT scan corresponded to that 
used for the CTSim but a shorter length of 13cm was used 
compared to 28.4cm used for the CTSim scan. 

 Each CBCT scan was performed using both the standard 
and low dose modes.  

III. RESULTS 

A. CT Simulator Organ dose measurements 

A summary of the effective doses obtained with TLD are 
detailed in Table 1. Both the male and female effective 
doses were calculated using the different doses to male and 
female gonads. Perhaps the more useful value is the sex 
averaged effective dose. This approach is suggested in 
ICRP 103 [10]. This is more relevant since weighting fac-
tors are averages between the two sexes and across the pop-
ulation, and are therefore not designed for providing an 
estimate of effective dose for a specific male or female.  
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The estimated uncertainty in the measured organ doses 
was ±6%. The total uncertainty was determined by assess-
ing various contributions. These included variation in elec-
trometer readings and TLD charge, uncertainties from posi-
tioning, chamber calibrations, pressure and temperature 
corrections, correcting for the length of chamber irradiated 
and uncertainty in energy response and linearity.  

The overall uncertainty in effective dose however, is dif-
ficult to estimate due to the origin of the tissue weighting 
factors. 

Table 1 Results obtained from CTSim compared to typical effective doses 
in diagnostic CT, taken from AAPM Report 96 

 
 
Typical values for effective dose for diagnostic CT are 
displayed in Table 1; these are taken from AAPM Report 96 
[11]. The values obtained for both the pelvis and abdomen 
scans are comparable to the values suggested in AAPM 
Report 96. However, the measured effective dose for the 
chest scan is considerably higher.  

Comparison of the CTSim thorax protocol against those 
used on the same model of CT scanner in the local diagnos-
tic department, suggested that the higher thorax dose could 
mostly be due to the “quality reference mAs” values chosen. 

The quality reference value is chosen by the customer to 
define an acceptable level of noise in an image, which to-
gether with the topogram, dictates the CAREDose 4D cur-
rent modulation and consequently patient dose. For a typical 
thorax scan the local diagnostic scanner uses a quality refer-
ence value of 100mAs compared to 200mAs used in the 
CTSim. This value was chosen based on data from the first 
year’s patients in order to maximise image quality while 
remaining within European Diagnostic Reference Levels for 
Dose Length Product. In addition, a higher tube current is 
required to produce the thinner slices needed in radiother-
apy to produce good quality Digitally Reconstructed Radio-
graphs.  

In addition, to decrease the number of wax sheets used, 
the TLDs for the same organ were placed within the same 
slice. If both of the TLDs were positioned in a slice that was 
irradiated but the rest of the organ were not, this would lead 
to a higher dose in that organ, unrepresentative of the aver-
age dose. This effect would be accentuated in organs with 

high tissue weighting factors that were present in the thorax 
scan but not the pelvis, such as the liver and stomach.  
Moreover, the dose measured may have also been influ-
enced by the lung material inside the Rando phantom being 
denser than that of typical patients. The mean CT number of 
the Rando lung material was -674 (-423→-822 range) com-
pared to a mean value of -812 (-207→-969 range) from 6 
thorax patients. The Rando lung material was therefore 
marginally more attenuating than patient lung; therefore the 
tube current used with CAREDose would be higher, poten-
tially increasing the dose to the TLDs. 

Using the risk coefficient of 5% per Sv for fatal cancer 
induction taken from ICRP 60, the risk of inducing fatal 
cancer from a thorax scan would be approximately 0.095%, 
for the pelvis and abdomen scans, around 0.04%. Since 
planning CT scans are normally only performed once or 
twice during the course of treatment, the risk associated 
with this exposure is very small. This risk coefficient is an 
average across the population therefore the risk to the older 
patients receiving radiotherapy would be smaller.  

B. Cone Beam CT Organ dose measurements 

A summary of the results obtained for the chest and pel-
vis scans is displayed in Table 2. The estimated uncertainty 
in the individual measured organ doses was ±6%. 

Table 2  Effective Dose results measured on the Cone Beam CT 

CBCT Scan Protocol Sex Averaged Effective Dose (mSv) 

Pelvis – Standard Dose 14 

Pelvis – Low Dose 3 

Chest – Standard Dose 24 

Chest – Low Dose 5 

 
 
It can be seen for both the pelvis and chest scans that the 
standard dose mode produces effective doses between four 
and five times that of the low dose mode. This is line with 
previous observations of the Varian OBI system reported by 
Kan et al [12]. The effective dose values obtained for the 
chest scans were similar to those obtained by Kan et al, 
24mSv was obtained using standard dose mode, compared 
to 23.56 (±0.35) mSv measured by Kan et al. The low dose 
measurements are also in good agreement; 5mSv compared 
to 5.23 (±0.122) mSv by Kan et al.  
There is however some discrepancy between the pelvis 
scans. 14mSv was obtained for using standard dose and 
3mSv for the low, slightly lower than the 22.72 (±0.29) 
mSv and 4.89 (±0.163) mSv measured by Kan et al. Possi-
ble explanations for the differences could be choice of scan 

CTSim 
Scan Protocol 

Measured Sex 
Averaged Effective 

Dose (mSv) 

Typical Range of Effective 
Doses in diagnostic CT 

(mSv)-AAPM Report 96 [11] 

Abdomen 9 5-7 

Pelvis 7 3-4 

Thorax 19 5-7 
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length and scan position, phantom set up and differences in 
TLD placement.  

The effective doses provided by the low dose scans are 
very low (3-5mSv), indeed lower than those measured on 
the CTSim. Previous work by Kan et al [12] found that 
although the image quality was reduced by using the low 
dose mode, calculated shifts obtained for image matching 
were not affected. This was performed using high contrast 
markers. Data collected in our own department indicates 
that the low dose scans are adequate for both anatomical 
and marker matching for all but the largest patients. 

Based on these dose results, imaging protocols were de-
veloped. Using the risk coefficient of inducing fatal cancer 
of 5% per Sv, estimates of risk can be produced for different 
protocols. For example, for a prostate radiotherapy schedule 
of 74Gy in 37 fractions, daily standard-dose CBCT would 
result in 518mSv and a risk of inducing cancer of 2.6%. If 
this was reduced to weekly CBCT the dose would be re-
duced to 84mSv and 0.4% risk.  Again the above risk esti-
mates would be lower for older patients. 

Therefore some compromise should be found, possibly 
performing a CBCT for each of the first three fractions and 
if there is no problem with set up, then weekly CBCT after 
that. Using this approach, for the prostate treatment CBCT 
would be performed on 8 fractions providing 112mSv and 
0.6% risk. 

IV. CONCLUSIONS  

Overall the doses received from the CTSim are small, 
and given that these images are likely to be collected only 
once or twice during treatment they are not of great concern 
with regard to cancer induction. The largest contributing 
factor for patient imaging dose is likely to come from 
CBCT. This dose could be dramatically reduced by using 
the low dose setting and by producing suitable imaging 
protocols.  

The issue of justifying concomitant exposures is 
contentious. Although increased imaging can increase the 
risk of subsequent cancer, treatment can be improved 
through better patient positioning. If patients can be posi-
tioned more accurately, margins can be reduced, minimising 
the volume of healthy tissue that is irradiated. This in turn 
can mean higher target doses can be delivered, potentially 
improving clinical outcome. 

Justification of these additional exposures must be per-
formed in line with current legislation. With a latency pe-
riod for cancer induction between 15 and 40 years, aspects 
such as age and prognosis are pivotal to the justification 
process. It would be useful to set an upper limit on the 
number of exposures, with clinicians being able to vary the 
number based on the patient, the risk involved and the po-
tential for benefit from improved positioning.  
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Treatment Planning for Volumetric Modulated Arc Therapy (VMAT) 
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Abstract—Volumetric modulated arc therapy (VMAT) is a 
specific type of intensity-modulated radiation therapy (IMRT) 
in which the gantry speed, multileaf collimator (MLC) leaf 
position and dose rate vary continuously during delivery. A 
treatment planning system for VMAT is presented. 

Arc control points are created uniformly throughout one or 
more arcs. An iterative least-squares algorithm is used to 
generate a fluence profile at every control point. The control 
points are then grouped and all of the control points in a given 
group are used to approximate the fluence profiles. A direct-
aperture optimization is then used to improve the solution, 
taking into account the allowed range of leaf motion of the 
multileaf collimator. Dose is calculated using a fast convolution 
algorithm and the motion between control points is 
approximated by 100 interpolated dose calculation points. The 
method has been applied to five cases, consisting of lung, 
rectum, prostate and seminal vesicles, prostate and pelvic 
lymph nodes, and head and neck. The resulting plans have 
been compared with segmental (step-and-shoot) IMRT and 
delivered and verified on an Elekta Synergy to ensure 
practicality. 

For the lung, prostate and seminal vesicles and rectum 
cases, VMAT provides a plan of similar quality to segmental 
IMRT, but with faster delivery by up to a factor of four. For 
the prostate and pelvic nodes and head and neck cases, the 
critical structure doses are reduced with VMAT, both of these 
cases having a longer delivery time than IMRT. All cases have 
been shown to verify successfully. 

Depending upon the emphasis in the treatment planning, 
VMAT provides treatment plans which are higher in quality 
and/or faster to deliver than IMRT. The scheme described has 
been successfully introduced into clinical use. 

Keywords—Intensity-modulated arc therapy, IMAT, 
segmental, step-and-shoot, IMRT. 

I. INTRODUCTION  

Intensity-modulated arc therapy (IMAT) as proposed by 
Yu [1] has been used for several years to treat patients in a 
short treatment time using high-quality dose distributions 
[2]. This technique makes various gantry arcs with dynamic 
multileaf collimation to build up fluence modulation. 
Recently, linear accelerators have become available which 
are able to vary gantry speed, leaf position and dose rate 
simultaneously, a technique known as volumetric 
modulated arc therapy (VMAT). 

Treatment planning for VMAT is challenging due to the 
requirement to determine fluence at many gantry angles 
around the patient, and then to sequence the multileaf 
collimator (MLC) leaves in such as way that the leaf motion 
is minimal and within the allowed maximum leaf speed of 
the linear accelerator [3-5]. Furthermore, the beam weights 
should be such that the dose rate of the accelerator is not 
required to drop to a value lower than the accelerator can 
reliably deliver. This paper therefore describes a treatment 
planning scheme for VMAT with particular emphasis on 
providing deliverable plans which can be executed and 
verified with confidence. The planning algorithm is 
described and then illustrated using a variety of clinical 
cases of varying complexity. 

II. MATERIALS AND METHODS 

The VMAT planning algorithm has been implemented in 
the AutoBeam in-house software developed at the Royal 
Marsden and described previously [6]. CT scans and 
outlines are read from Pinnacle3 (Philips Radiation 
Oncology Systems, Madison, WI) and inverse planning is 
then performed in separate software. The inverse planning 
algorithm consists of three stages: fluence optimization, 
segmentation and direct-aperture optimization. 

The algorithm begins with the definition of arcs. The arcs 
are defined by uniformly distributing the desired number of 
control points throughout the specified range of gantry, 
couch and collimator angles. There can be any number of 
arcs, non-coplanar if desired. Fluence is then optimized for 
each discrete beam orientation, as defined by gantry, couch 
and collimator angle, for which there is a control point, 
using the iterative least squares technique [7]. The method 
is used in an adapted form, whereby an objective function 
of the form described previously [6] is evaluated for each 
structure at each iteration, and the value of the objective 
function is then used as an importance factor for each 
structure for the next iteration. This allows for the handling 
of dose-volume constraints. 

The segmentation step of the algorithm uses the concept 
of control point grouping. Beginning with the first control 
point of the first beam, a set of control point groups are 
defined, whose gantry, couch and collimator angles differ 
by less than or equal to a specified tolerance (Figure 1).  
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Figure 1  Segment grouping 

From these control points, a fluence pattern is constructed 
by a stratification process (Figure 2). Each control point 
group thereby delivers one complete fluence modulation. 
By setting the tolerance angle for the control point 
grouping, the user can therefore specify how the control 
points are to be used. 

The aperture shape at each level in the intensity map is 
selected by bracketing the leftmost (in an arbitrary sense) 
peak in the fluence profile to rise above the specified 
intensity level. The set of such brackets defines the aperture. 
Once the segmentation is completed, the allowed range of  

 

 

Figure 2  Extraction of segment apertures from a segment group 

leaf motion is enforced by moving each leaf to a position 
suitably close to its position at the previous control point. 
During delivery, the gantry automatically slows down to 
accommodate large changes in MLC leaf position and/or 
high dose rates. However, in order to impose some prior 
control over the speed of delivery, the user of the inverse 
planning software supplies the minimum gantry speed for 
the delivery. From this, the maximum leaf motion between 
segments is calculated. 

The direct-aperture optimization phase takes the 
deliverable but suboptimal plan produced by the 
segmentation step and improves it for delivery. The 
optimization is a constrained optimization, with the 
collimator positions and the positions of several key MLC 
leaves being optimized and the remaining MLC leaves 
being fitted by a polynomial function, so as to ensure 
rational aperture shapes. There are also constraints on 
minimum leaf gap, minimum aperture width and length, and 
minimum equivalent square. The method uses a 
multidimensional downhill search, relying on the initial 
segmentation to ensure that it begins in the approximate 
region of the global minimum of the objective function. 
Segment weights are also optimized during this process.  

Dose calculations are performed using a fast convolution 
algorithm. An individualized inhomogeneous pencil beam is 
calculated using this algorithm for each element of the 
fluence grid on each beam, and is stored. In order to 
accurately model the motion of the apertures between the 
control points, 100 linear interpolations of the apertures are 
made between control points and dose is summed over these 
interpolated apertures. 

The final plan is exported from AutoBeam to the 
accelerator (or record and verify system). In addition, a 
Pinnacle3 script is written which can then be run within 
Pinnacle3 to set up the plan for visualization purposes as 
pseudo-arcs consisting of static beams. Each control point is 
represented as a step-and-shoot beam of 10 segments. The 
10 segments are equally weighted and contain linear 
interpolations of the apertures at the control points as 
outlined above. The software has been introduced into 
clinical use [8]. 

Five cases were planned with this scheme as illustrations 
of the performance for plans of varying complexity (Table 
1). The VMAT plans were compared against segmental 
(step-and-shoot) treatment plans. In order to ensure 
consistency in the planning comparison, AutoBeam was 
also used for the segmental plans, so that the same 
objectives, constraints and segment size limitations could be 
applied. The cases were (a) a lung case, intended to be 
simple and fast as a precursor to hypofractionated 
stereotactic body irradiation; (b) a treatment of prostate and 
seminal vesicles according to the CHHIP trial, consisting of 
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Table 1  Clinical cases, with planning parameters 

Treatment site Arcs / 
control 
points 

Segment 
group 

size (°) 

Minimum 
gantry speed 

(°/s) 
Lung 1x51 30 6.0 
Prostate and seminal vesicles 1x71 20 3.0 
Rectum 2x51 30 3.0 
Prostate and pelvic nodes 2x71 30 1.5 
Head and neck 3x51 40 1.5 

 
three target volumes; (c) a rectal tumor, consisting of two 
treatment volumes, the main volume containing the primary 
tumor, locoregional lymph nodes and a boost volume 
consisting of the primary tumor alone; (d) prostate and 
pelvic lymph nodes, giving an example of a more 
challenging concave target volume; and (e) a head and neck 
case, consisting of primary and nodal volumes, which was 
the most complex of the plans considered. The emphasis in 
the choice of inverse planning parameters for these cases 
was from fast delivery (a) to high-quality dose distribution 
(e). The minimum gantry speed and the number of arcs 
were the two main factors in influencing this emphasis (see 
Table 1). The segmental plans consisted of five equally 
spaced beams (seven in the head and neck case) with 
between five and ten segments per beam. 

All cases were delivered on Elekta Synergy linear 
accelerators (Elekta Ltd, Crawley, UK) running RTDesktop 
v7.01. The accelerators were fully commissioned for 
VMAT delivery [9]. The lung case and the prostate and 
seminal vesicles case were planned for, and delivered using, 
a unit with a Beam Modulator head. This had 4 mm leaf 
width at isocenter, fixed jaws, and interdigitation. The 
remaining cases were planned for, and delivered using, an 
MLCi head, which had 10 mm leaf width at iscocenter, 
variable jaws and no interdigitation. The delivery times, 
from the start of the first beam, to the end of the last beam, 
were recorded for both the VMAT plans and the 
corresponding segmental IMRT plans. A Delta4 phantom 
(Scandidos, Uppsala, Sweden) was also used to verify the 
dose distributions calculated in Pinnacle3. The percentage of 
the measurements agreeing to within 3% and 3 mm was 
recorded for all of the plans. 

III. RESULTS  

Dose-volume histograms comparing VMAT with 
segmental IMRT for all cases are shown in Figure 3. For the 
lung case, prostate and seminal vesicles and rectum cases, 
there is generally (with a few exceptions) a small 
improvement in target coverage and a small reduction in 
critical structure dose. For the prostate and pelvic nodes and 
head and neck cases, VMAT gives considerably reduced 

 

Figure 3  Dose-volume histograms for each of the five clinical cases: 
(a) lung, (b) prostate and seminal vesicles, (c) rectum, (d) prostate and 
pelvic nodes, and (e) head and neck. Solid lines: VMAT; broken lines: 
segmental IMRT 

critical structure doses compared to IMRT. 
The delivery times are given in Table 2. For the simpler 

cases, the delivery times with VMAT are shorter than those 
with IMRT, and the monitor units (not shown) are similar. 
For the more complex cases, where the emphasis is on plan 
quality rather than delivery speed, the delivery time is 
longer with VMAT than with IMRT and more monitor units 
are required. 

The percentage of verification measurements agreeing 
with the plan to within 3% and 3 mm drops gradually as the 
cases become more complex, from 99.8% (lung) to 87.1% 
(head and neck), with all of the verification results being 
acceptable, for both VMAT and IMRT plans. 

Table 2  VMAT and IMRT treatment times 

Treatment site VMAT treatment 
time (min:s) 

IMRT treatment 
time (min:s) 

Lung 1:25 6:40 
Prostate and seminal vesicles 2:30 7:30 
Rectum 5:15 9:00 
Prostate and pelvic nodes 13:05 9:40 
Head and neck 15:45 13:15 
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IV. DISCUSSION 

This paper takes the previous scheme of IMRT with 
constrained aperture shapes and applies it to planning for 
VMAT. The concept of simple aperture shaping is very 
suited to VMAT because with VMAT, the apertures 
smoothly vary with time. In order to improve the agreement 
of the delivered plan with the treatment planning system, 
the inverse planning has been designed to include modeling 
of the leaf motion. For simple cases, where the leaves do 
not move much between segments, this may not be 
necessary: it may be sufficient to sum the contributions of 
the apertures at the control points only. However, for 
complex cases where the leaves move several centimeters 
between control points, some form of modeling is necessary 
to correctly predict the delivered dose. 

The cases have been chosen to show the range of 
possible modulation complexities, from a single-arc lung 
plan with fairly conformal apertures, to a three-arc head and 
neck plan with apertures which differ very much from the 
conformal beam’s eye view of the PTV. As well as 
choosing an appropriate level of modulation for the case to 
be treated, it is also sensible to choose the arcs to suit the 
target arrangement. For example, in the rectum case, a 
clockwise arc with non-conformal aperture shape ranging 
over the full extent of the phase 1 volume, followed by an 
anticlockwise conformal arc directed to the phase 2 volume, 
works well. As a general rule, it has been found that cases 
with multiple target volumes requiring multiple prescription 
doses are best dealt with using several arcs, one directed to 
each of the target volumes. 

The main factor influencing the complexity of the 
modulation is the minimum gantry speed. If the inverse 
planning is performed with the gantry intended to move at 
maximum speed, only limited motion of the collimators and 
MLC leaves is allowed. Conversely, if considerable motion 
of the collimators and MLC leaves is allowed at the 
planning stage, a more exquisite treatment plan results but 
the delivery time is much longer. The parameters used for 
planning the cases in this paper have been chosen to 
illustrate the complete range of plan quality and delivery 
speed. 

The improved speed of delivery with VMAT for the 
simple cases should lead to an overall improvement in 
efficiency of treatment. VMAT lends itself naturally to 
simultaneous cone-beam imaging and treatment due to the 
gantry rotation. For imaging schedules where cone-beam 
scans are acquired on the first days of treatment, followed 
by a shift, these initial scans could be obtained 
simultaneously with the VMAT delivery, leading to 
increased departmental workflow, improved accuracy of 
delivery and a more favorable experience for the patient. 

V. CONCLUSIONS  

An inverse planning scheme for VMAT, using 
constrained aperture shapes and modeling of MLC leaf 
motion between control points, has been developed and 
clinically implemented. Comparison studies show that this 
inverse planning scheme used in conjunction with an Elekta 
accelerator produces treatments which are slightly improved 
in efficacy compared to segmental IMRT, with a treatment 
time which is up to four times faster. 
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Abstract—  IMRT is now a major clinical specialty. It is a form 
of conformal radiation therapy which is specifically tailored to 
create a high-dose volume that matches the volumetric shape 
of the intended target region and simultaneously spares the 
nearby organs at risk. It is particularly competent for treating 
head-and-neck cancers, prostate, lung, breast and other tar-
gets where adjacent organs at risk are present. The develop-
ment of IMRT is firmly rooted in physics and specifically the 
branch of physics known as medical physics. IMRT was 
“born” in about 1988 in that this was the year in which the 
pioneering paper on inverse planning for IMRT of Anders 
Brahme appeared. In the years immediately following, a small 
handful of workers, including the author, developed methods 
to plan and deliver IMRT. By the mid 1990s the main methods 
were established using phantom materials in University Hospi-
tals. Clinical IMRT started in 1994 and, for a few years there-
after, commenced in a very limited number of specialist insti-
tutions. By the turn of the millennium the technique was 
beginning to be established more widely and in 2009 it is re-
garded as a clinical necessity for many tumour sites and has 
Worldwide popularity. This lecture will review this growth 
and present the main IMRT planning and delivery landmarks 
along the developmental path. The clinical rationale will be 
explained. Some pre-history will also be discussed. The tech-
nologies of multiple-static multileaf collimator IMRT, dynamic 
MLC IMRT, Tomotherapy, robotic IMRT, volume modulated 
arc therapy will be explained. Specific early planning systems 
will be mentioned. The role of the author’s Centre in establish-
ing clinical IMRT in the UK will be explained. Finally, as 
IMRT becomes a regularly used tool, attention will switch to 
combining 3D and 4D medical imaging with IMRT, so called 
IGRT, for taking care of organ motion. 

Keywords— IMRT-history,  world status of IMRT 

I. INTRODUCTION: GOAL OF IMRT; THE 21ST BIRTHDAY AND 
THE EARLY RESEARCH DAYS 

 IMRT is a clinical speciality that can generate highly 
conformal dose distributions by combining a number of 
beams in which the fluence is modulated. The treatment is 
planned in such as way that beams may be regarded as 
emanating from specific directions in space aimed towards 
the target. In practice such spatial modulations are generally 
constructed by superposing a series of unmodulated beams 

from these directions but with the aperture shape varying 
and with the intensity varying with time. Hence such time-
modulated uniform-intensity fields result in space-
modulated non-uniform-intensity fields. 

 A seminal paper by Anders Brahme [11] published in 
1988 is widely accepted as having started the field of 
IMRT. Hence we may regard the year 2009 as the 21st 
Birthday of IMRT. In that paper it was shown how, given a 
prescription of dose in the patient, a technique known as 
inverse planning could be used to create the required modu-
lations that came as close as possible to delivering that pre-
scription. The inversion is not ideal but the technique is a 
major improvement on the superposition of a few uniform 
beams created by the historically earlier method of forward 
planning. In that method the experience of the human plan-
ner was used to adjust beams to the best possible. 

 In the same or following year a number of individuals 
and University-Hospital research groups commenced IMRT 
research. These were (in no particular order) : (i) Radhe 
Mohan and Gig Mageras in Memorial Sloan Kettering Can-
cer Centre (MSKCC), New York, (ii) Wolfgang Schlegel 
and Thomas Bortfeld in the Deutsches 
Krebsforschungszentrum (DKFZ), Heidelberg, (iii) Art 
Boyer in the MD Anderson Hospital, Houston, (iv) Yair 
Censor and (v) Steve Webb at the Institute of Cancer 
Research and Royal Marsden Hospital, London. It is known 
that Brahme visited most of these places around that time 
and we might assume that this had some influence on the 
local research. However, these workers were all performing 
research independently. Later, many of them formed very 
fruitful research collaborations.  

 I apologise in advance to anyone viewing this history 
[12] differently. I am an amateur historian who was a part of 
the history being reviewed and this account is from this 
perspective. 

 
II. IMRT PREHISTORY 

 
 In the light of hindsight certain concepts and pieces of 
equipment might be considered to have more than hinted at 
the possibility of IMRT. Birkhoff in 1940 showed that any 
2D drawing could be constructed from a series of superpos-
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ing straight lines of different blackness provided there can 
be negative blackness. Where the lines intersect the black-
nesses sum up. If we think of the lines as rays and the 
blackness as intensity, then this is the principle of IMRT 
(except that one cannot have negative x-ray intensities !). 
 Proimos in New York in the 1960s constructed appara-
tus whereby rotating-beam collimators and beam stoppers 
on a counter-rotating gantry were engineered such that the 
target always remained in the beam’s-eye-view and the 
organs-at-risk were always in the shadowed region. This led 
to the possibility to create concave isodose contours and 
primitive conformal therapy.  
 The multileaf collimator (MLC) that can create a 
stepped-edge irregular and arbitrary field shape was pat-
ented in 1959. The patent showed a MLC with 4 banks of 
leaves (a concept re-engineered in modern times by Initia). 
It is believed that such a MLC was built by Toshiba. Taka-
hashi discussed the concept of conformational (conformal) 
radiotherapy in the 1960s using such a device. However the 
conformation provided both by this work and the Proimos 
device was essentially geometrical field shaping alone. The 
first commercial MLC was patented by Brahme, produced 
by Scanditronics in about 1984 and also used initially for 
field shaping alone.  

 
III. CLINICAL RATIONALE FOR IMRT 

 
 The human body presents several situations where tar-

gets with concave outlines are adjacent to normal structures 
that it is required to protect. Examples include : (i) the pros-
tate abutted by rectum and bladder, (ii) the female breast 
abutted by heart and lung and contralateral breast, (iii) head 
and neck tumours abutted by parotid gland, spinal cord, 
oesophagus and optic apparatus. The invention of IMRT 
and its translation to clinical service has greatly improved 
the treatments of these tumours and/or increased the quality 
of life through sparing organs-at-risk. 

 
IV. PLANNING FOR IMRT 

 
 Prior to the 1960s hand-planning took place in which 

isodoses on transparent sheets were superposed. In the 
1960s the first computerised treatment-planning systems 
came along for largely 2D forward planning. In the 1980s 
3D computerised treatment planning was developed. Some-
times wedges and compensators were used but no-one re-
ferred to this as IMRT. The paper from Brahme [11] 
changed this and a number of individual inverse-planning 
codes were produced between the years 1988 and 1992. 

This was largely a leap of faith as there was, at that time, no 
way to deliver such fields (except the compensator). 
Brahme proposed a quasi analytic approach that was ame-
nable to iteration; Censor proposed iterative discrete tech-
niques; Bortfeld produced a gradient technique tidied up by 
subsequent iteration; Webb, Mageras and Mohan worked on 
simulated annealing. None of these techniques did more 
than work on local computers in individual hospitals. 

 
V. GENEVA, NOMOS AND MARK CAROL 

 
 A conference took place on 3D treatment planning in 
Geneva at the World Health Organisation building and on 
October 20th 1992 I gave a lecture reviewing inverse plan-
ning for modulated beams. I concluded saying that no appa-
ratus for delivering these was available. Next on the pro-
gramme was Mark Carol of the NOMOS Corporation. He 
was a neurosurgeon turned computer scientist, inventor and 
entrepreneur. He showed the PEACOCKPLAN inverse-
planning system (based on simulated annealing) and the 
multivane intensity-modulating collimator (MIMiC) for 
delivering IMRT slice by slice serially, rotating this colli-
mator in an arc to create a spatial modulation via a series of  
shapes varying with time. It stunned the audience and I 
recollect many of the establishment of the field being first 
shocked, then surprised, then impressed and finally won 
over. MIMiC-based IMRT dominated the clinical arena 
from the first treatment in Spring 1994 (at Baylor) to about 
1997 when MLC-based methods seriously rivalled it. The 
collimator comprised a number of attenuating vanes that 
could be rapidly brought into a slit aperture under elec-
tropneumatic control. All clinical IMRT at that time de-
pended on it. NOMOS organised the world’s first IMRT 
School in May 1996 in the little cowboy-type town of Du-
rango, Colorado in the Strater Hotel. The next year the first 
ever book appeared with the words IMRT in the title. 

 
VI. MLC-BASED IMRT 

  
 Thomas Bortfeld and Art Boyer in Houston in 1993 
made the first ever delivery of IMRT using a MLC in mul-
tiple-static mode. I.e. fields of different shape and intensity 
were created from a series of directions and a phantom 
comprising film, sandwiched between tissue-equivalent 
slices, was irradiated to create a highly conformal plan 
modelling a prostate treatment. The experiment is now 
repeated worldwide as a QA experiment. The MSF-MLC 
IMRT technique is now one of the main methods used by 
all accelerator manufacturers to deliver IMRT and has 

50 S. Webb

  
 IFMBE Proceedings Vol. 25  



worldwide availability. The main manufacturers Elekta, 
Varian and  Siemens all offer this. 

 David Convery showed  as early as 1992 how to use 
moving jaws to create spatial modulation. Peter Kijewski in 
New York and Patrick Kallman in Stockholm were simi-
larly active. However it is to three independent groups, who 
each published in 1994, that the birth of the dynamic MLC 
technique is ascribed. These were : (i) Jorg Stein in the 
DKFZ, Heidelberg ; (ii) Roger Svensson in the Karolinska, 
Stockholm ; and (iii) Chen Chui and Spiridon Spirou in 
MSKCC, New York. They independently showed that the 
time-optimal algorithm had the leading leaf moving at 
maximum speed when the spatial gradient of the modulation 
is positive and vice versa. Elekta’s first MLC-based imple-
mentation was dMLC.  

 
VII. HELICAL TOMOTHERAPY, THE CYBERKNIFE AND 

VOLUME MODULATED ARC THERAPY (VMAT) 
 

 Helical tomotherapy, postulated by Rock Mackie in 
1993 became a clinical reality in 2002. The patents for the 
MIMiC are held by Swerdloff et al and a form of the 
MIMiC is the basis also for helical tomotherapy. The patient 
is translated slowly through a continuously rotating modu-
lated field. There are extra imaging features that allow for 
some position measurement, verification and compensation. 
Tomotherapy is now widely adopted though of course less 
numerically common than IMRT based on C-arm linacs. 
 The Cyberknife is a linac held on a computer-controlled 
robotic arm with 6 degrees of freedom and capable of point-
ing in directions within a cone of solid angle 1.6 . It was 
invented in the late 1990s, popular initially in California and 
Japan but now has reached Europe as well. Its most exciting 
feature is its onboard ability to monitor intrafraction patient 
movement and correct for it (called Synchrony). This is 
achieved by measuring the motion of the skin surface con-
tinuously using infrared emitters, occasionally imaging 
internal organs by x-rays, correlating the two sets of meas-
urements and thus creating a continuous pseudo-
measurement of internal motion. 
 Volume modulated arc therapy is the latest and newest 
form of IMRT delivery. The gantry rotates around the pa-
tient with the beam continuously on. As it does so the MLC 
aperture can change shape, the fluence output rate can vary 
and the gantry speed can vary. Multiple arcs are possible as 
well as collimator rotation. It is claimed that very conformal 
dose distributions can be generated more quickly that can be 
delivered by other techniques. At the time of writing there 
has been some commercial rivalry and it must be said that 
there is as yet no general theory available explaining exactly 

why the observed performance is possible and on what it 
depends. 

 
VIII. CLINICAL IMRT 

 
A few “ firsts “ can be quoted. The first NOMOS-

MIMiC-based IMRT was at Baylor in Spring 1994. The 
first partial-treatment MLC-based IMRT was at MSKCC in 
1995. The first full-fraction MLC-based IMRT was in 1997 
also at MSKCC using the multiple-static-field technique. 
The first full-fraction clinical IMRT in the UK was at the 
author’s Centre on September 20th 2000. Figures 1 and 2 
summarise the clinical experience at ICR-RMH. Very few 
phase-3 double-blind randomised trials have taken place. 
However, even so, it is not particularly controversial. There 
is measured clinical evidence for less rectal and bladder 
toxicity, improved parotid sparing, less dry eye and less 
optical damage. Notwithstanding, there have been some 
critics of the rapid and widespread clinical implementation 
of IMRT given the lack of so-called level-1 data. Compari-
sons have been drawn with the level of trial data that would 
have been needed to get a drug to market. The author’s 
Centre has conducted IMRT trials for cancer of the breast, 
head and neck and prostate and more multicentric trials are 
planned. 

  
IX. IMAGE-GUIDED IMRT (IGRT) 

 
 Controversially, perhaps, I would claim that the funda-
mental principles of IMRT planning and delivery have been 
worked out (apart from for VMAT) for treating assumed-
static targets encased in the PTV and that attention should 
shift to solving the IMRT problem for the moving patient.  
There are two types of motion that require correcting : (i) 
inter-fraction motion and (ii) intra-fraction motion. The 
former is easier to correct for and can take advantage of 3D 
imaging techniques on the accelerator such as cone-beam 
tomography (either megavoltage MVCT or kilovoltage 
kVCT). Such technologies are now largely available from 
all the major manufacturers. The latter is less easy to meas-
ure, manage and correct for. The so-called Synchrony sys-
tem attached to the Cyberknife has already been mentioned 
and indeed such a system could be made to work for linac-
MLC-based IMRT. Magnetic and radio markers have also 
been developed, a kind of body-GPS system. The use of 
ultrasound is being investigated. There are three main 
classes of compensation for intra-fraction motion : (i) gat-
ing, (ii) breath-hold, (iii) tracking. These all form active 
current research areas and there is no clear advantage to any 
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one. Gating and breath-hold have been used clinically but so 
far tracking has not. 

 It is important to recognise that modern IMRT delivery 
technology is now integrally intertwined with imaging ca-
pability. A MR scanner is being integrated with a linac in a 
prototype machine in Utrecht supported by Elekta. At least 
two proposals exist for 60Co-based IMRT with MR imaging 
capability. The Initia 4-bank MLC Trackbeam device can 
take advantage of image feedback. 

 Further than this it should be realised that IGRT has a 
wider remit than just to assist delivery. 3D and 4D images 
of several modalities can be used to assist target-volume 
definition, planning treatment, verification of treatment and 
measuring and monitoring motion at all stages. There are 
issues of competing abilities, costs, efficacy, reproducibil-
ity, reliability and accuracy. IGRT is the current focus of 
worlwide research attention. 

 
X. SUMMARY 

 
 In 1988 when IMRT was first proposed there was just a 
handful of independent lonely workers ; there was no seri-
ous equipment for delivering IMRT. In 1992 the first clini-
cal IMRT machine was unveiled. In 1994 the first clinical 
IMRT treatment was performed. In the mid-1990s all the 
currently used methods were proposed, developed and im-
plemented first with phantom materials and then with pa-
tients. By 2000 clinical IMRT equipment was becoming 
commercially available and well supported. The clinical 
need had been identified and selected hospitals were intro-
ducing the method slowly and carefully. Over the last 9 
years the clinical implementation of IMRT has blossomed 
and the research imperative has shifted to the incorporation 
of image guidance into IMRT. 
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A Dedicated Irradiation Facility for Radiotherapy Dosimetry 
K. Derikum 

Physikalisch-Technische Bundesanstalt, Braunschweig, Germany 

Abstract—A new electron accelerator facility offering unique 
research opportunities in the field of radiotherapy dosimetry 
has started regular operation at the Physikalisch-Technische 
Bundesanstalt, Braunschweig, Germany. The newly erected 
building accommodates three linear accelerators, namely two 
clinical machines and one custom-designed research accelera-
tor. The facility meets all the experimental requirements of 
high-energy photon and electron dosimetry which are presently 
foreseeable. Numerous irradiation fields spanning an energy 
range from 0.5 MeV up to 50 MeV are generated.  

Keywords—accelerator, dosimetry, radiotherapy. 

I.   INTRODUCTION 

The Physikalisch-Technische Bundesanstalt (PTB), 
Germany´s national Primary Standard Laboratory, develops, 
maintains and disseminates primary standards of the Gray 
as the unit of the absorbed dose to water. In order to comply 
with these tasks, standards for a large variety of different 
beam qualities are to be provided and the full range of ener-
gies currently in clinical use has to be covered. 

Much research effort is needed for establishing new 
procedures and recommendations for reference dosimetry of 
non-standard fields. New treatment techniques such as 
intensity-modulated radiotherapy (IMRT) and image guided 
techniques (IGRT) apply particularly small and irregularly 
shaped radiation fields which deviate significantly from 
standard reference conditions. New radiation sources 
generating unflattened beams restricted to small field sizes 
cannot meet the reference conditions required for using 
present-day dosimetry protocols.   

In view of the large variety of tasks, the new irradiation 
facility is divided into a clinical section and a research sec-
tion. In up to three rooms, irradiations can be performed 
simultaneously. 

The newly erected building accommodates three linear 
electron accelerators, namely two standard medical 
accelerators as used in hospitals and one custom-made 
research accelerator. The electron energy of the research 
accelerator can be adjusted continuously from 0.5 MeV to 
50 MeV. Electrons and photons can be generated, narrow 
and broad beams, flattened, unflattened and scanned beams. 
This versatility aims at meeting all experimental require-
ments of high-energy photon and electron dosimetry pres-
ently foreseeable. 

The total cost of the facility, equipment plus building, 
amounted to 14 million € .  

 
Fig. 1 Layout of the PTB electron accelerator facility for radiotherapy 
dosimetry (Richard-Glocker-Building) 

II.   OUTLINE 

A.   Building 

The building, with outer dimensions of  30 m x 50 m of-
fers a usable area of approx. 1000 m2. It is designed to ac-
commodate exclusively the technical equipment. Office 
space is available in the adjacent building which is to be 
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reached via a glazed corridor. Fig. 1 shows the layout of the 
building. The control area is on the left (west). Four irradia-
tion rooms with shielding walls up to 3.30 m thickness are 
in the center of the building. Each room is sufficiently 
shielded, permitting work to be carried out everywhere else 
in the building when the beam is on. The two northern irra-
diation rooms constitute the research section. Each of the 
two southern irradiation rooms houses a clinical accelerator. 
On the right (east), the research accelerator, 11 meters in 
length, and its supplies, e.g. HF generation etc., are in-
stalled. 

The building is named after the German physicist Rich-
ard Glocker (1890 - 1978), the last PhD student of W. C. 
Röntgen. R. Glocker pioneered the biological effect of both 
X-radiation and high-energy electrons and provided impor-
tant scientific bases for the therapeutic application of ioniz-
ing radiation. 

B. Clinical Section 

The clinical section covers the energy range between 4 MeV 
and 25 MeV. Within this section there are two experimental 
areas which can be operated independently. Each irradiation 
place is equipped with an accelerator of the type Elekta 
Precise Treatment SystemTM. In total, 6 photon beam quali-
ties and 10 electron beam qualities are generated providing 
the same irradiation conditions as those used in hospitals to 
irradiate patients.  

One area is designed to be used predominantly for do-
simetry under reference conditions, the other one is spe-
cially equipped for dosimetry under non-reference condi-
tions.   

Commissioning of both accelerators is completed, all 6 
standard reference fields for photon radiation have been 
characterized. The clinical section is now in full regular 
operation.  

Dosimetry under reference conditions: This measure-
ment area is dedicated to establishing well defined reference 
radiation fields for photon and electron beams. The nominal 
photon beam qualities are 4 MV, 8 MV and 25 MV. Special 
emphasis is placed on providing irradiation conditions of 
high repeatability and long term stability. First experience 
made with beam monitoring has been reported [1]. Stan-
dards of absorbed dose to water are realized by water calo-
rimetry [2].  

A further objective is to test and develop dose measure-
ment procedures and dosemeters for reference dosimetry. 
One of the tasks within this scope is to measure the energy 
dependence of reference class ionization chamber types in 
order to obtain generic beam quality correction factors. 
Relative dosimetry will be applied for determining radiation 
detector properties.  

 
Dosimetry under non-reference conditions: The second 

clinical measurement area is designed to realize the com-
plex irradiation conditions applied in present-day external 
beam radiotherapy. The corresponding accelerator is 
equipped with a multileaf collimator,  iViewGT portal im-
aging and IMRT. Its nominal photon beam qualities are 6 
MV, 10 MV and 15 MV. 

PTB is planning to realize dose standards for selected 
non-reference conditions, e. g. for small and composite 
radiation  fields and for irregular field geometries. These 
standards, in turn, will be used to develop and test dose 
measurement procedures for new irradiation techniques like 
tomotherapy and Cyber Knife.   

Further topics of applied dosimetric research are: meas-
uring the performance characteristics of special detectors or 
verifying treatment planning systems. Research coopera-
tions in this field are welcome. 

C. Research Section 

Table 1 Electron beam characteristics of the research accelerator 

Energy range   0.5 MeV - 50 MeV 
Energy width   
          0.5 MeV < E <  5 MeV  4 keV 
             5 MeV < E < 20 MeV  20 keV 
                            E > 20 MeV  40 keV 
Energy drift  < 0.05 %/h 
Beam diameter  < 3mm 
Beam position stability  ± 0.3 mm 
Beam power   
          max:  1 kW 
          0.5 MeV - 10 MeV   > 1 W 
            6 MeV -  50 MeV   > 100 W 
Pulse repetition rate  1 Hz  - 100 Hz 
Pulse width  2 µs 
Pulse current  < 200 mA 
Scan frequency   0 Hz  - 10 Hz 

The heart of the section for fundamental dosimetric re-
search is a two-step linear accelerator system, custom-
designed for PTB, manufactured by ACCEL Instruments 
GmbH, Bergisch-Gladbach, Germany.  

After having passed the first accelerating structure the 
beam can be extracted into the low energy measurement 
area covering the energy range from 0.5 MeV to 10 MeV. 
The high-energy measurement area covers an overlapping 
energy range from 6 MeV up to 50 MeV. Table 1 lists the 
electron beam characterictics. 
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The beam power of up to 1 kW is sufficiently high for 
generating photon radiation fields with dose rates up to 4 
Gy/min for beams above 6 MV. The electron energy can be 
varied continuously from 0.5 MeV up to 50 MeV. 

By means of beam current transformers, the charge im-
parted to the experiments can be determined contact-free 
with an uncertainty of less than 0.1 % (k = 1). 

In order to perform dosimetric investigations with well-
defined experimental input quantities, special emphasis is 
placed on generating beams of uniquely small energy width. 
For this purpose, energy-defining dipol magnets with vari-
able slit systems are built into the beamlines. Each beam 
line is equipped with an electron spectrometer capable of 
analyzing the beam energy distribution with a resolution of 
down to 4 keV.  

Each irradiation place is equipped with a fixed-target 
beam scanning facility. These systems allow electron beams 
and photon beams as well to be swept across extended irra-
diation samples.  

A well-defined low-energy electron beam will be estab-
lished as tool for beta dosimetry. One application is to in-
vestigate the response of dosemeters used to characterize 
brachytherapy sources.  

Experiments to measure electron stopping powers for 
various materials and to benchmark Monte Carlo codes are 
being prepared. 

Commissioning of the research accelerator facility began 
in January 2009. The maximum energy of 50 MeV has been 
reached, both beamlines are working. Work on accomplish-
ing the design values of the beam parameters and achieving 
stable repeatable operation is in progress (March  2009). 
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A beam model applicable to small fields: development and validation 
P. Caprile and G.H. Hartmann

German Cancer Research Center/Department of Medical Physics in Radiation Oncology, Heidelberg, Germany  

Abstract—This study presents the development and evalua-
tion of a beam model that can accurately predict dose distribu-
tions measured in water with a diode for a broad range of field 
sizes, from 40 cm down to a few millimeters. This model takes 
into consideration the two main effects influencing the dose 
distributions for narrow beams: (i) the fact that the source is 
not point-like, but extended in space and (ii) the non-
equilibrium conditions within the field. The size and shape of 
the radiation source is determined by a combination of a “slit-
method” reconstruction and a collimator factor fitting proce-
dure. The non-equilibrium conditions are taken into account 
by the use of a polyenergetic pencil beam kernel. We have 
validated this model in a 6 MV beam by the comparison of 
measured and calculated output factors (OFs), and planar dose 
profiles in water for circular and squared fields. The valida-
tion tests show good agreement (2%, 2 mm) between modeled 
and measured distributions for all the studied cases. OFs were 
measured using two independent methods. The approach 
presented in this study can be used as a performance check for 
the linac, serving as a basis for independent dose verification of 
systems using small fields and, furthermore, as an alternative 
to conventional dosimetry of small fields. 

Keywords— Small field, dose verification, output factor. 

I. INTRODUCTION  

Small fields, i.e. with a size comparable or smaller than 
the lateral range of associated secondary electrons, are in-
creasingly being used in state-of-the-art photon radiother-
apy. The advent of these new techniques has brought many 
advantages concerning, for example, conformation of the 
dose to complex target volumes. On the other hand, new 
challenges related to the small fields arise. Some of these 
are: the known dosimetric issues [1,2,3], the steep gradients 
that yield to relevant over/under dosage for small position-
ing errors and the uncertainties related to the measured data 
inputted to the planning system, which could compromise 
the accuracy of the overall treatment plans. Currently, ef-
forts are being made by international organizations, such as 
the IAEA, to standardize the dosimetry for the new delivery 
techniques [3]. 

The model presented in this study, explicitly takes into 
account the two main effects that influence the dose distri-
butions for narrow beams. These are: (i) the spatial exten-
sion of the source and (ii) the lack of charged particle equi-
librium (CPE) conditions within the field [2,4]. 

To determine the intensity distribution of the source (fo-
cal spot), we have used a technique based on the work pre-
sented by Munro et al. in 1988 [5].  The non-equilibrium 
conditions are taken into consideration by the use of the 
poly-energetic pencil beam kernel (PBK), calculated using 
Monte Carlo simulations. Lateral dose distributions and 
output factors were calculated considering the geometry of 
the system and using convolution techniques [6,7]. 

This study presents the development and validation of a 
beam model for a 6 MV photon beam giving, additionally, a 
detailed description of the source. Our approach can be used 
for dose delivery verification (in water) and as a linac per-
formance test. Moreover, it offers an alternative to the con-
ventional dosimetry of small fields, where large uncertain-
ties have been observed. An unconventional method for the 
determination of OFs for circular small fields is also de-
scribed. 

II. MATERIALS AND METHODS 

We have used a 6 MV clinical photon beam from a Sie-
mens Primus linac for the validation of the model. All mea-
surements were done in a water tank (Model MP3, PTW 
Freiburg, Germany) using a silicon diode (Type p, Model 
6008, PTW Freiburg, Germany), unless stated differently.  

Two field shapes with different sizes were evaluated: cir-
cular and squared. Dose calculations were performed in a 
virtual homogeneous water phantom using convolution 
techniques [6,7]. Cartesian coordinates with a grid of 
0.1x0.1 mm2 for the circular fields, and of 1x1 mm2 for the 
squared ones were used. 

A. Intensity distribution of the source 

We have defined the “intensity distribution of the 
source”, called “extended source” hereafter, as the projec-
tion of all primary photons and head scatter contributions 
into a common plane (at the source position). This distribu-
tion is divided into an “inner” and an “outer” part.  
 Inner part: The inner part (focal spot) can be recon-
structed using a “slit-method” [5], which is based on the 
measurement of strip integrals of the source. The device 
used for the measurement of these strip integrals is shown in 
Fig. 1. The system is remotely controlled by a tool imple-
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mented in LabVIEW1. It allows the interactive control of 
the step size, range and integration time. The relevant data 
was stored in an ASCII file for later analysis. The recon-
struction was done using an iterative algorithm based on the 
same principles used in CT image reconstruction [8].  

It is not possible to accurately reconstruct the low inten-
sity section of the source. This is due to the unknown 
amount of scattered radiation (see Fig. 1, right) that does not 
come from the slit and is detected by the diode. Therefore; 
the low intensity region (outer part) must be obtained using 
a different method. 

Outer part: The outer part of the extended source was 
obtained by a fitting procedure. We modeled the collimator 
factors (CFs), calculating them (for each field) as the sum of 
the contributions from the “visible” part of the extended 
source from the detector’s point-of-view. Then, we fitted 
our model to measured data and obtained the intensity val-
ues of the source as the best-fitted parameters. This ap-
proach requires the assumption of radial symmetry. 

B.  Pencil beam kernel  

The polyenergetic pencil beam kernel (PBK), used to 
cope with the non-equilibrium conditions, was calculated 
from mono-energetic dose deposition kernels (DDKs) for 
24 energy bins and the weights of the energy spectrum of 
the beam. DDKs were obtained directly from Monte Carlo 
simulations using the EDKnrc calculation tool [9] from the 

1 LabVIEW 8.2, National Instruments Corporation, Austin, TX, 
USA. 

EGSnrc distribution2. To obtain the weights of the spectrum 
we used Mohan's spectrum for a 6 MV beam [10] as initial 
parameter set. The final weights were re-obtained by fitting 
the depth profile of a reference field to a measured percent-
age depth dose (PDD) curve for the same conditions.  

Fig. 1 Left: device used for the measurement of strip integrals of the 
source. The two slabs are separated by a distance of 0.13 mm, forming the 

slit collimator. A diode detector is contained by a block of tungsten, with an 
opening towards the slit, attached under the collimator. The assembly can 

be moved linearly ( x=0.05 mm) and rotate on its own axis ( =3°). Right: 
example of a strip integral from the source measured using the slit-device 
with (circles) and without (asterisks) tungsten shielding of the detector. 

C. Dose calculations  

Two-dimensional dose distributions were obtained as 
follows: First, a measured fluence distribution (for the big-
gest field size available) was modulated by an aperture 
function (one inside the field, i.e. the projected collimator 
edges at the measurement plane, and zero elsewhere). Then, 
the modulated fluence was convolved with the extended 
source, yielding the “corrected” primary fluence. Finally, 
dose distributions were obtained convolving the corrected 
primary fluence with the PBK (at the measurement depth).  

D. Validation tests 

The test consisted of the comparison of measured and 
calculated dose profiles and output factors (OFs). Circular 
and square fields were evaluated. Circular fields were cre-
ated using cylindrical collimators, with diameters ranging 
from 1 to 20 mm (projected to the measurement plane: 
1.72xdiameter). Square field sides ranged from 0.5 to 40 
cm. Gamma index [11] values with individual criteria of 2% 
dose difference and of 2 mm distance to agreement (DTA) 
were used for the evaluation of calculated dose profiles. 

OF measurements: OFs were measured directly by diode 
measurements and indirectly by a combination of diode and 
parallel plate chamber (10.5 cm3 Bragg Peak chamber, 
model 34070, PTW Freiburg, Germany) measurements. 
This method was developed by Sánchez-Doblado et al. 
(2007) [12].  The OFs are obtained as follows:  

I
A

D
D

OF
10x10

LAC i,
i

           (1) 

where OFi is the output factor for the field i, Di, LAC is the 
measured dose for the field i using the parallel plate cham-
ber, D10x10 is the dose measured at the central axis for the 
reference field, A is the effective area of the parallel plate 
chamber and I is the integral of the relative 2-dimensional 
dose distribution over the effective area of the chamber. 
Sánchez-Doblado et al. obtained I using a combination of 3 
films irradiated with a different amount of MUs (low, me-
dium and high) in order to accurately determine the relative 
distribution. We replaced the film combination method, 

                                                          
2  http://www.irs.inms.nrc.ca/EGSnrc/EGSnrc.html 
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with a one-dimensional profile measured across the field, 
assuming radial symmetry (see Fig. 2).  

III. RESULTS 

A. Extended source  

Measured slit profiles of the source had a standard devia-
tion of the full width at half maximum (FWHM) of less than 
0.1 mm. Therefore, radial symmetry was assumed as a good 
approximation for the iterative reconstruction. The recon-
structed radial distribution was found to have a FWHM of 
0.50±0.08 mm.  

We set the limit between inner and outer part to 0.1% of 
the maximum intensity (Fig. 3, vertical line). The outer part 
was obtained as the result of the CF fitting procedure.   The 
extended source, combination of the reconstructed focal 
spot and the fitted outer part, is shown in Fig. 3. 

B. Validation tests 

Output factors: As shown in Fig. 4 (right), the two meth-
ods used for the measurement of OFs for the circular fields 
were in agreement. Fig. 5 shows measured and calculated 
OFs using the extended source. Calculated OFs, in general, 
appear to be in good agreement with measured values.  

Fig. 2 OF measurement procedure using a combination of parallel plate 
chamber and diode. Left: representation of the chamber positioning within 
field (circle) and the cross-field profile (dashed line). Right: representation 
of a cross-field profile measured over the chamber area, used for the deter-

mination of the 2D distribution (radial symmetry).  

Fig. 4 Left: measured cross-field profiles for the circular collimators used 
for the determination of I. Right: OFs measured with a diode (asterisks) and 

with the combined method of diode and parallel plate chamber (circles). 

Fig. 5 Output factors calculated (full line) and measured (circles) for square 
fields.     

Planar dose profiles: Fig. 6 shows the comparison be-
tween measured (full lines) and calculated (dashed lines) 
profiles. The gamma index, amplified by a factor of 10 for 
better visualization, is also displayed (dotted lines). Some 
small discrepancies were observed, nevertheless, the com-
plete set of evaluated fields passes the gamma index test 
(<1: pass, >1: fail), when individual acceptance criteria of 
2% dose difference and 2 mm DTA were applied. 

Fig. 3 Radial distribution of the extended source,  union of the inner (recon-
structed) and the outer part (obtained from the CF fitting), left and right 

from the vertical dashed line, respectively. 

IV. DISCUSION AND CONCLUSIONS 

The development of a beam model applicable to small 
field was described. The spatial extension of the source and 
the non-equilibrium conditions, were considered. A detailed 
description of the intensity distribution of the source, which 
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MR based treatment workflow for external radiotherapy of prostate cancer 
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Abstract— The requirements on spatial accuracy are high in 
external radiotherapy of prostate cancer. The technical 
achievements in image guided radiotherapy (IGRT) during the 
recent years have lead to a significant improvement of the 
daily positioning accuracy. Improved accuracy has made it 
possible to reduce the margin between the clinical target vol-
ume and the planning target volume, thus reduce the risk for 
normal tissue complications. 

MRI is to prefer to CT for delineation of the prostate target 
because of superior soft tissue contrast. Recent studies have 
shown that the dosimetric accuracy of dose calculations on MR 
material is acceptable. In the present work we analyze the 
spatial uncertainties that are connected to workflows where 
the CT has been excluded. 

We found that accuracy increase with a fully MR based 
workflow. The main reason is that the MR based workflow 
does not require any registration between MR and CT to en-
able target delineation on the MR series. Two different meth-
odologies for patient positioning with MR as baseline were 
identified: A. Implanted fiducial markers with portal imaging 
at each treatment session. B. Imaging of the patient in the MR 
at every treatment session to localize the prostate. We found 
that the two positioning methods give equivalent spatial accu-
racy. 

The estimated required margins for the MR based work-
flows was around 8 mm, corresponding numbers for a CT 
based workflow using the same assessment methods was 
around 10 mm. 

Keywords— External radiotherapy, Prostate, Margins, MRI, 
fiducial markers 

I. INTRODUCTION  

External radiotherapy is commonly used to treat cancer 
in the prostate. It is of large importance to deliver a high 
dose to the entire infected volume. Therefore margins are 
applied, to account both for cancer micro-infiltration and for 
spatial uncertainties in the treatment chain. However, the 
prostate gland is located in direct connection to organs like 
the bladder and rectum which should be spared to as large 
extent as possible when planning the treatment; therefore, 
the applied margins should be optimized to get adequate 
target coverage without including unnecessary volumes 
with risk organ in the treatment fields. Reductions of the 
spatial uncertainties in the treatment chain enables reduction 

of the margins, and is therefore of large value for the pa-
tient. 

In the present work we analyze uncertainties in two dif-
ferent MR based treatment workflows for prostate cancer 
patients. Both workflows start with delineation of the pros-
tate on MR images (typically T2 weighted). The treatment 
planning and the dose calculation is performed directly on 
the MR images. Eilertsen et al. [1] has shown that the dose 
calculation accuracy on MR images is sufficient. Workflow 
A use portal images to visualize the positions for internal 
fiducial markers to position the patient at every treatment 
session. Hence, the markers need to be visible on both MR 
and portal vision images. Workflow B uses a patient trans-
port trolley to move the patient from a daily positioning MR 
to the treatment unit as described by Karlsson et al. [2]. This 
workflow does not rely on implanted markers and are hence 
fully none-invasive. 

The aim of the present work is to identify MR sequences 
suitable both for visualization of internal marker and de-
lineation of the prostate; and estimate the resulting spatial 
uncertainties with the MR based workflows for comparison 
with a standard CT based workflow. 

II. MATERIAL AND METHODS 

The present work consists of both review of literature 
and own experiments to estimate the uncertainties in the 
different workflow sub procedures. Uncertainties are always 
reported in terms of 1 standard deviation. 

The uncertainty in the delineation of the prostate on axial 
MR images have been reported to be around 2-3 mm [3], 
which accounts for the uncertainties the actual delineation 
and the uncertainties caused by geometrical distortions in 
the MR images. The distortions are, however, only contrib-
uting with a minor part if adequate 3D distortion correction 
algorithms are applied [4].  

A. Visualization of markers 

Different sequences have been tested for optimal visuali-
zation of standard internal gold markers in the prostate 
gland. Standard gold soft tissue markers from Civco, USA 
were used. The implantation of the gold markers was done 
as a part of the standard clinical routine.  
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B. MR / Portal workflow 

The intra-fraction prostate motion has been reported to be 
around 1.5-2 mm. [5] 

The uncertainty in the patient positioning during treat-
ment depend on in a random fashion on the registration 
between marker positions in the MR images and the mark-
ers visible on portal images. For CT based workflows this 
uncertainty has been reported to be around 1 mm. Marker 
migration or deformation of the prostate cause a systematic 
uncertainty in the positioning of around 1 mm [6], and in-
herent uncertainty in the portal imaging systems is also 
estimated to around 1 mm. 

C. MR / MR workflow 

Patient positioning can be performed without internal 
markers, hence none-invasive, using the MR for daily posi-
tion determination. The hardware configuration is sketched 
in Figure 1 and is described in detail in by Karlsson et. al. 
[2]. The principle is that the patient is fixated to a transport 
shell which can be moved between the MR scanner and the 
treatment table (modified Miyabi solution, Siemens). The 
shell has fixed positions on both modalities, hence provides 
an absolute relation between the treatment coordinate sys-
tem and the MR coordinate system. The positioning MR 
and the treatment planning MR, is registered using a mutual 
information (MI) algorithm based on the prostate with a 
margin. The calculated offset in prostate coordinates be-
tween these images is used to correct the absolute treatment 
coordinates calculated based on the planning MR and the 
treatment plan. The positioning accuracy using this ap-
proach was investigated using repeated phantom imaging 
with varying positions and simulated patient weights. 

Figure 1 Transport of patient between MR and treatment unit. 

III. RESULTS 

A. Visualization of markers 

We found that the fiducial markers could be easily seen 
on both T1 and proton density weighted images, but more 
difficult to see on T2 weighted images. In turbo spin echo 
(TSE) sequences the markers are typically seen as a distinct 
loss of signal, while the markers typically creates large 
artifacts on gradient echo sequences (GRE). Therefore T1 or 
proton density weighted TSE sequences are best suited for 
visualization of internal gold markers. T2 weighted images 
are, however, preferred by clinicians for delineation of the 
prostate. We therefore suggest that a double echo sequence 
is used, where T2 and proton density weighted images are 
acquired in parallel to get perfect registration between the 
image series. The T2 weighted image is used for delineation 
of the prostate, while the proton weighted image for visuali-
zation of the marker positions (Figure 2). 

Figure 2 T2 weighted image of the pelvic region, to the left, and proton density weighted image, to the right, acquired simultaneously. The prostate is most 
pronounced on the T2 weighted image, while the internal markers are best visible on the proton density weighted. 
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B. Uncertainty estimation MR / MR workflow 

The total random like uncertainty, different from day to 
day for the MR based workflow with MR guided daily posi-
tioning was estimated to between 1.5-2 mm. This covers 
inter-fraction prostate motion, distortions in the MR, and the 
MR to MR registrations. The total systematic uncertainty in 
the daily position routine was estimated to below 1 mm, 
which covers inaccuracies in the relation between the coor-
dinate systems in the MR and at the treatment unit which 
depends among other things on the patient weight. Hence, 
the systematic uncertainty in the target delineation, previ-
ously estimated to 2-3 mm, is totally dominating. 

The alternative workflow with fiducial markers visual-
ized both on the planning MR and portal vision at every 
treatment session was estimated to result in equivalent un-
certainties as the CT based positioning workflow, i.e. ran-
dom uncertainties around 2 mm and systematic uncertainty 
around 1.4 mm. 

IV. DISCUSSION 

The estimated uncertainties can be used to calculate the 
adequate margin between the CTV and the PTV. Van Herk 
et al. [7]. has proposed the margin calculation formula 

2.5 0.7m σ= ∑+   (1) 

where Σ represents the uncertainties which an entire affect
treatment systematically, and σ represents the uncertainties 
which behave randomly from fraction to fraction. Equation 
1 is based on a judgment of an acceptable risk for cold spots 
below a certain level in the target, thus the coefficients 
depends on for example the penumbra width; hence, equa-
tion 1 should be used with care for absolute determination 
of proper margins, but can still be used as a basis for com-
parison between workflow. 

A. Comparison between workflows 

In Table 1 the uncertainties for the two different MR based 
workflows are presented together with an estimation of the 
total uncertainty for a CT based workflow. The CT/Portal 
workflow is identical to the workflow which we currently 
use clinically at our department. Delineation of the prostate 
is performed on a MR study and then transferred to a CT 
study for treatment planning. The only significant uncer-
tainty difference between the MR/Portal and CT/Portal 
workflow comes from the CT/MR registration; this uncer-

tainty has been estimated by Roberson et al. to around 2 mm 
[8]. 

Table 1 Summation and comparison of the uncertainties introduced with 
the different workflow.

 CT/Portal MR/Portal MR/MR
Σ* 

mm 
σ** 
mm 

Σ* 
mm 

σ** 
mm 

Σ* 
mm 

σ** 
mm 

Delineation 2.5 -- 2.5 -- 2.5 -- 
Registration 2 -- -- -- -- -- 

Sum 3.2 -- 2.5 -- 2.5 -- 
Intra-fraction 

motion 
-- 1.5 -- 1.5 -- 1.5 

Fiducial 
markers 

1.4 1 1.4 1 -- -- 

MR based 
positioning -- -- -- -- 1 1.5 

Sum 1.4 1.8 1.4 1.8 1 2.1 

Total 3.5 1.8 2.9 1.8 2.7 2.1 
       

Margin*** 10 mm 8.4 mm 8.2 mm
* Systematic uncertainty, **Random uncertainty, ***Margin calculated from equ (1) 

Besides the potential for improvements of the spatial accu-
racy the MR based workflow saves patient time and clinical 
resources when the CT is no longer necessary for these 
patients. One can argue that the MR/MR workflow appears 
time consuming with an imaging session in the MR prior to 
each fraction. However, the time in the treatment room can 
actually be reduced, when all the imaging is performed in 
advance. This can be valuable in situations when the occu-
pation time in the treatment room is of special relevance. 

V. CONCLUTION 

In the present work we show that the MR based workflow 
are equivalent or better compared with a CT based standard 
workflow from a spatial accuracy point of view. Our con-
clusion is that the MR fully can replace the CT as the basis 
for external radiotherapy of prostate cancer. 

ACKNOWLEDGMENT 

Cenneth Forsmark for the construction of the equipment and 
the Swedish Cancer Society and the Cancer Research Foun-
dation North Sweden for financial support. 

  
 IFMBE Proceedings Vol. 25  

62 T. Nyholm, M.G. Karlsson, and M. Karlsson



REFERENCES  

1. Eilertsen, K., et al., A simulation of MRI based dose calcula-

tions on the basis of radiotherapy planning CT images. Acta 

Oncol, 2008. 47(7): p. 1294-302. 

2. Karlsson, M., et al., Dedicated MR in the Radiotherapy clinic.

Int J Radiat Oncol Biol Phys, 2009. Accepted. 

3. Rasch, C., et al., Definition of the prostate in CT and MRI: a 

multi-observer study. Int J Radiat Oncol Biol Phys, 1999. 43(1): 

p. 57-66. 

4. Karger, C.P., et al., Accuracy of device-specific 2D and 3D 

image distortion correction algorithms for magnetic resonance 

imaging of the head provided by a manufacturer. Phys Med Bi-

ol, 2006. 51(12): p. N253-61. 

5. Kotte, A.N., et al., Intrafraction motion of the prostate during 

external-beam radiation therapy: analysis of 427 patients with 

implanted fiducial markers. Int J Radiat Oncol Biol Phys, 2007. 

69(2): p. 419-25. 

6. Nichol, A.M., et al., A magnetic resonance imaging study of 

prostate deformation relative to implanted gold fiducial mark-

ers. Int J Radiat Oncol Biol Phys, 2007. 67(1): p. 48-56. 

7. van Herk, M., et al., The probability of correct target dosage: 

dose-population histograms for deriving treatment margins in 

radiotherapy. Int J Radiat Oncol Biol Phys, 2000. 47(4): p. 

1121-35. 

8. Roberson, P.L., et al., Use and uncertainties of mutual informa-

tion for computed tomography/ magnetic resonance (CT/MR) 

registration post permanent implant of the prostate. Med Phys, 

2005. 32(2): p. 473-82. 

Author:  Tufve Nyholm 
Institute:  Umeå University Hospital 
Street:  
City:  Umeå 
Country: Sweden 
Email: tufve.nyholm@radfys.umu.se 

  
 IFMBE Proceedings Vol. 25  

MR Based Treatment Workflow for External Radiotherapy of Prostate Cancer 63



Computational Simulation of Tumour Hypoxia as applied to Radiation 
Therapy Applications 

E. Dalah1, D. Lloyd2, D. Bradley1 and A. Nisbet1,3   

1Department of Physics, University of Surrey, Guildford, UK 
2Department of Mathematics, University of Surrey, Guildford, UK 

3Department of Medical Physics, Royal Surrey County Hospital, Guildford, UK. 

 

 

Abstract— It has long been appreciated that hypoxia plays 
a significant role in tumour resistance to radiotherapy 
treatment, chemotherapy treatment and also in surgery. For 
present interests, it is noted that tumour radio-sensitivity 
increases with the increase of oxygen concentration across 
tumour regions. A theoretical representation of oxygen 
distribution in 2D vascular architecture using a reaction 
diffusion model enables relationships between tissue 
diffusivity, tissue metabolism, anatomical structure of blood 
vessels and oxygen gradients to be characterized 
quantitatively. We present a refinement to the work of Kelly 
and Brady (2006) and demonstrate the significant effect of the 
role of the venules supply on the microcirculation process at 
the intracellular level. With our representation of the two 
latter forces, the model is being developed to simulate the 
uptake of various PET reagents, such as 64Cu-ATSM, to 
demonstrate their potential use in radiation therapy treatment 
planning as an indicator of tumour hypoxic regions. 
 
Keywords— acute hypoxia, chronic hypoxia, simulation and 

tumour vascular architecture. 

I. INTRODUCTION  

Hypoxia in malignant tissue is influenced by a number of 
complicated physiological phenomena, increasing tumour 
aggressiveness, failure of local control and metastatic 
potential of a solid tumour. Thus, determining the extent of 
hypoxia is important in monitoring therapy response [1], in 
staging of disease which contributes directly to treatment 
management [2] and in the delineation of tumour sub-
volumes. The latter represents the detected hypoxic cells 
within the Gross Target Volume (GTV) for the purpose of 
radiation therapy dose painting techniques [3]. Such a lack 
of oxygen and spatial heterogeneity requires a thorough 
understanding of the microcirculation phenomenon, 
particularly at the intracellular level. In the literature, a 
number of studies have attempted to describe tissue 
oxygenation based on theoretical methods. The theory of 
analytical presentation of oxygen diffusion from true 

capillaries into tissues has been established since Korgh 
(1919). There followed the work of Hill (1928) and 
Thomlinson and Gray (1955), which described systems with 
simple geometry for which analyses of individual vessels 
only was feasible or tractable. While such presentations are 
unable to fully explain oxygen distribution in more realistic 
sophisticated vascular architecture, the ability to solve the 
governing equations was possible using numerical 
approaches that enable relationships between tissue 
diffusivity, tissue metabolism, anatomical structure of blood 
vessels and oxygen gradients to be characterized 
quantitatively. A theoretical representation of oxygen 
distribution in 2D vascular architecture, using the reaction 
diffusion model was initially represented by [4] and adapted 
by [5]. [6] followed the same approach with one 
modification, adding the local explicit vascular production 
term that was assumed to be negligible at all locations in 
previous published work. Thus the governor equation as 
given by Kelly and Brady for oxygen distribution in 2D 
becomes:  
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where PO2 is oxygen tension (mm Hg) in tissue, DO2 is the 
diffusion coefficient of oxygen (mm2 s-1), qmet is the rate of 
oxygen metabolism as a function of oxygen tension 
(mmHg/ s), Fs is the oxygen gain from blood vessel and FLS 
is the loss of oxygen, back to the capillaries. Although Kelly 
and Brady managed to introduce mathematically the oxygen 
gain and loss terms, they were less successful in linking 
these terms with the nature of physiology at the 
microcellular level. However, they adopted the 
mathematical representation of the gain term Fs that had 
previously been defined by [7]; see equation (2). As for the 
loss term FLS it was assumed to be zero.  
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where PmO2 is the transvascular permeability of oxygen 
(mm/s), S/V is the surface area to volume ratio of the 
vascular (mm-1), PO2 vessel is the oxygen tension in the 
arteriole ends of the blood vessel, rather than the supply 
vein as stated in [6] and R is the vascular proportion.  We 
present a refinement to the work of Kelly and Brady and 
demonstrate the significant effect of the role of the venules 
supply on the microcirculation process that takes place only 
at the true capillary membrane. Our mathematical 
representation becomes equation (3) and equation (4) 
respectively: 
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where PA is the oxygen partial pressure at the arteriole ends 
and PV is the oxygen partial pressure at the venule ends. All 
simulations were coded in Matlab 2007b using finite 
difference methods. 

 
II. RESULTS 

 
All physical and biological baseline parameters applied 

in this work were determined from an exhaustive literature 
search and provide a significant update from the work of 
Kelly and Brady. The partition coefficient of oxygen was 
estimated based on [8], who carried out an experiment to 
define the diffusion coefficient of oxygen through a plasma 
membrane at 37oC, and the permeability coefficient (Pm) of 
blood vessel was calculated as Pm = DO2 K/Δx [9;10], where  
DO2 is the oxygen diffusion coefficient mm2/s, capillaries 
wall thickness (Δx) is in μm and K is the partition 
coefficient of oxygen. Oxygen spatial distribution in 2D 
tumour vascular together with values representing the 
maximum oxygen tension and the minimum oxygen tension 
determined using this approach are represented in Figure 1. 
The dark blue regions represent the necrotic regions in the 
tumour vascular architecture, with oxygen tension less than 
0.1 mmHg, while the light blue regions show the hypoxic 
region in the 2D tumour vascular architecture, with oxygen 
tension less than 5 mmHg.   

 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
Fig.1. Illustrated is the oxygen spatial distribution within a 
sample of size 0.25 mm2; the left hand panel shows the 
simulation results obtained using Fa while the right hand 
panel shows results obtained using Fa and Fv The spots 
represent arterioles; the darker a spot the greater the oxygen 
tension around that arteriole. The arterioles are viewed 
against a tissue background oxygen tension; for visual 
contrast, the darker the background the lower the oxygen 
tension. (All oxygen tension values have been evaluated in 
mmHg). 

III. CONCLUSIONS 

The reaction diffusion model described allows for 
quantitative analyses of oxygen spatial distribution in 
tumours. It also enables areas of acute and chronic hypoxia 
in different tumour regions to be established. With our 
representation of gain terms, one is able to vary blood 
vessel density and arrive at different scenarios that enable 
the visualization of microcellular behaviour of tumour 
vascular architecture. This model is being developed to 
simulate the uptake of various PET reagents, such as 64Cu-
ATSM, to demonstrate their potential use in radiation 
therapy treatment planning as an indicator of tumour 
hypoxic regions. 
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Purpose: To quantify the recovery kinetics of the parotid gland 
depending on the irradiation dose for patients with head-and-
neck cancers. 
Methods and Materials: For 22 patients treated with IMRT 
with 50-70Gy a quantitative Tc-99m pertechnetate scintigra-
phy was carried out for each parotid separately before and 3, 
6, 9 and 12 months after radiotherapy (RT) for the determina-
tion of the relative saliva excretion rate. The mean equivalent 
uniform doses (EUDmean) for the ipsilateral and contralateral 
parotid were 45,55(±8,27)Gy and 24,66(±2,61)Gy, respectively. 
Based on these data a relative organ function reduction after 
RT, RFRpost(%)=100%-ROFpost(%) 
[ROFpost(%) =(excretion rate before RT)/(excretion rate after 
RT)*100%, ROFpost(%)-relative organ function after RT] can 
be calculated. Assuming the same dose dependencies of the 
RFRpost and the NTCP, dose-function curves were calculated 
according to the LYMAN model and Källman`s “s” model. 
From this the ROFpost–values were ascertained for both pa-
rotid groups at different follow-up points in time. The satura-
tion function ROFpost(t)=a*[1-exp(-b*t)] was hypothesized for 
the description of the recovery kinetics (a-maximally reachable 
increase of  ROFpost , b-recovery/time). 
Results: The increase of the relative organ function is about 
15% of the initial ROFpost–value (3months after RT) in the 
follow-up time of 12 months and nearly independent of  
EUDmean. After this time the recovery process is nearly fin-
ished. The values of the parameters a and b are distinctly 
greater for the contralateral (a=68,64%, b=0,51/month) than 
the ipsilateral (a=47,05%, b=0,28/month) parotids. These re-
sults indicate that the recovery process is faster and the resid-
ual injury is lower for relatively slightly injured parotid 
glands. 
Conclusion: The proposed evaluation method is suitable for 
the investigation of the quantitative recovery kinetics. 
 
Parotid gland, Recovery, Radiotherapy, Dose-response models 

I. INTRODUCTION  

The radiotherapy (RT) of patients with head and neck 
tumors is in most cases connected with a partial irradiation 
of the parotid glands, which are considered as an organ at 
risk. Depending on the delivered parotid dose often a de-
crease in the salivation rate is observed. Nevertheless, in-
vestigations of the dose-response of initially injured parot-
ids showed an increase in the salivation rate after the RT 
with growing follow–up time [1, 2, 3]. Up to now it has 
been unclear in which degree this recovery behavior de-

pends on the delivered dose. This work presents the recov-
ery behavior of the parotid gland for two different doses. 
The attempt is made to accomplish an estimation of the 
temporal recovery behavior on the basis of calculated dose-
function-curves (DFC). 

II. METHODS  AND  MATERIALS 

On 22 patients with oropharynx and oral cavity tumors, 
who were treated with IMRT (intensity modulated radio 
therapy) with 50 to 70Gy, a scintigraphy was carried out for 
each parotid separately prior to and 3, 6, 9, and 12 months 
after RT for the determination of the relative saliva excre-
tion rate [4]. For all parotids a dose-volume-histogram 
(DVH) was available for the calculation of the EUDmean          
(mean equivalent uniform dose). The excretion rate can be 
regarded as an indicator of the organ function [5]. The rela-
tive organ function after RT, ROFpost , is obtained as the 
ratio of the measured saliva excretion rate before and after 
RT. From this a relative function reduction of the organ 
after RT,  RFRpost(%), can be derived: RFRpost(%)=100% -
ROFpost(%). Assuming the dose dependencies of RFRpost and 
NTCP (normal tissue complication probability) are equal 
[6], the NTCP-models can be used for the determination of 
the relative function reduction and thus for the calculation 
of the relative organ function. In this way the application of 
the NTCP-models to the measurable organ injury permits 
the calculation of DFC. The possibility of utilizing different  
NTCP-models (general LYMAN-model, mean dose model 
according to LYMAN and “s” model after Källman) for the 
calculation of the DFCs based on the maximum likelihood 
estimation is demonstrated [7]. Thus, the knowledge of 
DFC for different points in follow-up time basically pro-
vides the possibility of ascertaining the recovery behavior 
[ROFpost(t), t – value of follow up-time)]. As the recovery 
process can be regarded as finite and continuous, the at-
tempt was made to describe the relative increase of the 
organ function after RT, ROFpost(t), by means of a two-
parameter saturation function: 

 
 

   (1) tbatROFpost exp1)(
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where the parameters a and b characterize the maximally 
reachable increase of the organ function and the recovery 
kinetics. 

III. RESULTS AND DISCUSSION 

Figure 1 presents the relative organ function for the ipsi-
lateral and the contralateral parotids at different follow-up 
points in time ascertained from measured saliva excretion 
rate. These data are the basis for the determination of the 
DFCs according to the NTCP-models. The amount of the 
organ function calculated from the DFCs and the recovery 
curves fitted according to equation (1) for the ipsilateral and 
contralateral parotids are shown in figures 2a and 2b, re-
spectively. 

 
 

0

10

20

30

40

50

60

70

80

90

100

110

n=22n=22n=9n=9n=21n=21n=17

R
O

F
 (

%
)

1296

time after radiotherapy (months)

3

 ipsilateral parotids         ; EUDmean = 45,55 +-8,27 Gy

 contralateral parotids     ; EUDmean = 24,66 +-2,61 Gy

n=20

sd

     Figure 1  
 

Relative organ function of the parotid glands, calculated from excretion 
rate for 3, 6, 9 and 12 months (n – number of parotids, sd – standard devia-
tion) 
 
Altogether the data illustrate a gain in the organ function 
with increasing time after the end of RT.  It seems that 
the increase of the organ function of about 15% of the in- 
itial value (ROF 3 months after RT) in the follow-up time of 
12 months is nearly independent of the delivered dose dur-
ing RT (EUDmean: about 45Gy and 25Gy for the ipsilateral 
und contralateral parotids, resp.) and thus independent of 
the amount of the initial injury in the dose range under con-
sideration. However, the maximally reachable functionality 
of the organ is affected by the initial injury caused by the 
RT, indicated by the fitting parameter a.  
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Recovery kinetics [ROFpost(t)] for the ipsilateral (Fig. 2a, EUDmean 

=45,55Gy) and contralateral (Fig. 2b, EUDmean=24,66Gy) parotid glands  
based on three NTCP-models  
 
The parameter a is considerably greater for parotids which 
received a lower EUDmean. Furthermore the results indi-
cate that the recovery process is faster and already finished 
after approximately six months for the relatively slightly 
injured contralateral parotids. This statement is quantita-
tively confirmed by a distinctly greater amount of the ki-
netic parameter b for this group of parotids in comparison 
with the parotids which received a higher dose. On the 
whole the recovery kinetics suggests that 12 months after 
completing the RT the repair process of the radiation-
induced injury is nearly finished and independent of the 
dose in the EUDmean range considered. According to our 
results, no further essential improvement of the organ func-
tion after this follow-up time can be expected. 
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    VI. CONCLUSION 
 

The dose-dependent parotid gland function can be calcu-
lated for different points of time after the end of RT by 
means of dose-function curves based on commonly used 
NTCP-models. The application of the proposed saturation 
function to the ascertainment of the recovery kinetics yields 
reasonable results concerning both the time-dependent in-
crease and the maximally achievable functionality of the 
parotid gland. 
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Due to the complexity of the Radiosurgery and 
fractioned stereotactic radiotherapy processes, it is 
mandatory to establish a proper quality assurance program 
for each patient to be treated with this treatment modality 
[1]. In this work, such program will be described. The QA 
tests require a proper phantom as well as appropriate 
dosimetric equipments such as ion chambers and 
stereotactic diodes, solid water phantom, radiographic films 
in order to perform all periodic tests. 

This investigation was performed in a linear accelerator 
Varian 6EX associated with a BrainLab micro-multileaf 
collimator system (m3) at Clinicas Hospital. Since the most 
important QA test in Radiosurgery is the periodic 
verification of the mechanical stability of the nominal 
isocenter, a checklist for the treatment procedure was 
elaborated for each individual patient. Once this verification 
is performed, the patient is then positioned for treatment. 

For the acceptance tests, several checklists have been 
provided by the manufacturers (Varian and BrainLab) in 
order to apply the AAPM recommendations [1]. These tests 
include the following parameters: stereotactic target 
positioner; CT-X-ray localizer; diagnostic data acquisition 
(CT, MRI and angiography); treatment planning systems 
(BrainScan and iPlan) – hardware and software; Winston-
Lutz test among others. 

For the commissioning of dosimetric tests [2], 
measurements for non-reference conditions have been 
performed in order to verify the algorithm effectiveness 
(pencil beam). Measurements were performed for depth dose 
distributions for square fields from minimum to maximum 
field sizes (from 6x6 mm2 to 100x100 mm2); scatter factors 
(with and without the mMLC); diagonal radial fields 
(mMLC unmounted and jaws retracted). The main issue was 
to select the proper size of the detector for some types of 
measurements: for instance, for field sizes smaller than 12 x 
12 mm2, a stereotactic diode was employed additionally to a 
pin point ionisation chamber (0.01 cm3). All absolute 
absorbed dose measurements were performed by making use 
of a Farmer cylindrical chamber (0.6 cm3) which was 
calibrated in terms of absorbed dose to water according to 
IAEA TRS398 [3]. The lack of charged particle equilibrium 
is the main task for the dosimetry of small fields.  

Due to the complexity of the Radiosurgery and 
fractioned Stereotactic Radiotherapy processes, it is 
mandatory to establish a proper quality assurance program 
for each patient to be treated with this treatment modality 
[1]. In this work, such program will be described with its 
respective results covering the following aspects: QA of 
stereotactic target localization with all image modalities; 
basic dosimetry; treatment planning; absolute dose output 
calibration and delivery dose. These tests require a proper 
phantom (an IMRT phantom for example) as well as 
appropriate dosimetric equipments such ion chambers and 
diodes with small sensitive volumes, solid water phantom, 
radiographic films in order to perform all periodic tests. 

Since the most important QA test in Radiosurgery is the 
periodic verification of the mechanical stability of the 
nominal isocenter, a checklist for the treatment procedure was 
elaborated for each individual patient. Once those tests are 
performed, the patient is then positioned for treatment and the 
following steps terminate the whole process [4]: the patient is 
positioned in the stereotactic assembly; the localizer box is 
then attached to his/her head; the couch is moved up in order 
to realign the lasers at the isocenter; a fine adjustment is 
performed with the stereotactic base; the localizer box is 
removed; and finally, the treatment is initiated. 

In order to evaluate the set-up errors, the difference 
among these parameters are given in Table 1. Forty-one 
patients submitted to either Radiosurgery or fractioned 
Stereotactic Radiotherapy was considered in this 
investigation. 

Table 1 Mean variation between coordinates of isocenter localization and 
isocenter positioned as well as mean variation between couch coordinates 
regarding to isocenter and calculated couch coordinates 

 Mean value – 41 
patients 

ISO_DIF AP  -0.047 mm 
ISO_DIF VERT  -0.046 mm 
ISO_DIF LAT  -0.023 mm 
COUCH_DIF AP  1.146 mm 
COUCH_DIF VERT  -0.017 mm 
COUCH_DIF LAT  0.252 mm 
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From these results, one verifies a larger variation of the 
isocenter localization for antero-posterior and vertical 
orientations. Regarding the couch coordinates, a major 
difference was found for the antero-posterior orientation. 
However, the results from the Winston-Lutz test are within 
expected variations. 

Following these mechanical tests, an evaluation of 
patient´s treatment plan was performed in order to compare 
with the calculated value of absorbed dose to water. 
Previously CT images from the IMRT phantom with a 0.13 
cm3 ion chamber were taken with a 1.25 mm slice thickness, 
with the chamber positioned at the central slot of this 
phantom. The images thus obtained were exported to 
BrainScan treatment planning system from BrainLab. For 
each patient, a phantom patient plan was created by 
superimposing the patient plan onto the IMRT phantom. All 
gantry angles couch coordinates and collimator angles were 
kept the same as used during treatment for each individual 
patient. The dose was calculated at a reference depth of 9 
cm, i.e at the isocenter. The reference point of the ion 
chamber was positioned at the central axis of the beam. 
Beam incidence was perpendicular to the flat surface of the 
phantom and the ion chamber was positioned with its 
longitudinal axis perpendicular to the direction of the MLC 
leaf motion. 

Experimental results for the treatment planning 
evaluation are shown in Table 2, where a sample of 15 
patient’s plans were exported to an I´mRT phantom (made 
of RW3, dimensions of 18x18x18 cm3, from Scanditronix-
Wellhöfer) and the measured values of absorbed dose were 
thus obtained by means of an ion chamber [2]. In this sense, 
dose measurements with the ion chamber show the average 
dose value over its volume. 

Table 2 Percentage difference between calculated and measured absorbed 
dose 

Patient ∆ max and min (%) 
 

∆(%) 
 

1 4.6 -1.7 
2 4.5 -0.9 
3 5.7 -0.4 
4 6.9 -0.8 
5 4.4 -3.2 
6 1.6 +4.7 
7 2.2 -2.7 
8 5.1 -2.1 
9 8.5 -0.1 

10 3.8 -1.9 
11 1.1 +2.0 
12 6.5 -0.9 
13 3.6 -3.5 
14 8.2 -5.4 
15 9.3 +0.2 

The results thus obtained are given as the percentage 
difference between calculated and measured dose as it 
follows: 

100 .
dose calculated

dose calculated - dose measured  (%) =Δ  

The second column on Table 2 provides the differences 
between the maximum and minimum dose differences 
around the sensitive volume of the ion chamber. The 
percentage difference was taken in report to the calculated 
value. 

In this way, a comprehensive work has been 
accomplished during the implementation of Radiosurgery 
and Stereotactic Radiosurgery at Clinicas Hospital, including 
the acceptance tests and beam commissioning. A quality 
assurance program was thus established which includes the 
quality assurance of immobilization/localization, dosimetry, 
treatment planning and treatments delivery. 
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Abstract— The objective of this work is to study the ability 
of MRI normoxic polymer gel dosimetry system to verify the 
computed dose distribution in clinical radiotherapy. 

To accomplish the objective of this study,  normoxic poly-
mer gel was composed. A perspex phantom and five calibra-
tion test tubes were also prepared. The test tubes  were filled  
in with the gel. This phantom was then CT scanned and, using 
the obtained CT data as input, a dose plan was product. The 
gel phantom and the calibration test tubes were then irradi-
ated .Prior to irradiation, MR scans were performed on the 
phantom to measure the background value of R2 of the gel. 
Immediately after irradiation new images of the gel phantom 
(and calibration test tubes) were obtained using the MR scan-
ner. Finally, from the MRI images in MATLAB environment 
R2 maps were calculated.   

In the bladder cancer treatment, the four-field technique 
produced a homogenous absorbed dose distribution within a 
phantom planning target volume using dosimeter gel and TPS. 
In this study, and in the region of interest the difference be-
tween the TPS and gel dosimeter data was +0.7% ( SD = 1.8% 
). 

In this study, a clinical treatment procedure investigated us-
ing the MRI normoxic polymer gel dosimetry and TPS. The 
TPS calculations compared with polymer gel dosimeter meas-
urements and found the dose distributions calculated with the 
TPS is in very good agreement with the Polymer gels measur-
ing.  

Keywords— gel dosimetry, normoxic gel, MAGIC, calibration, 
radiotherapy 

I. INTRODUCTION  

In radiotherapy there is a great need for accurate deter-
mination of the adsorbed dose of tumor tissue as well as to 
healthy organs at risk. The absorbed dose delivered to the 
planning target volume (PTV) should be ±%3 of the stated 
dose [1]. To accomplish this goal, most treatments are exe-
cuted according to a calculated plan. Most conventional 
dosimetry techniques are incapable of 3D measurements. 
Polymer gel dosimeters are able to measure dose distribu-
tions for several beams and different beam qualities (e.g., 
photons and electrons) [4]. The objective of this work is to 

study the ability of MRI normoxic polymer gel dosimetry 
system as a tool to verify the calculated dose distribution in 
clinical radiotherapy. 

II. MATERIAL AND METHODS 

Initially, a cylindrical Perspex phantom simulating a pa-
tient and a number of calibration test tubes were designed 
and composed (Fig. 1). 2.5 liter of the normoxic MAGAT 
polymer gel under normal atmospheric conditions was pre-
pared according to the instruction (presented by Peter M. 
Fong et al. 2001)[7]. Five calibration test tubes and the 
Perspex phantom were filled in with the prepared gel. The 
phantom was then CT scanned and a dose plan was gener-
ated using the obtained CT data (Fig. 2). Prior to the irradia-
tion, MRI scans of the phantom was taken to measure the 
background value of R2(Table 1).

The gel phantom was irradiated according to four field 
(Box) technique protocol. The calibration test tubes were 
also irradiated by a cobalt-60 teletherapy unit(Fig. 3). 

 Immediately after the irradiation, new images of the 
phantom and the calibration test tubes were acquired using 
the MRI scanner. Finally, using the MRI images in 
MATLAB environment R2 maps were calculated. 

Fig 1. Phantom and calibration test tubes to be used in this study 

Fig. 2. CT scanner system   and  DICOM image of  phantom 
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Fig.3 Calibration set up in multi-tube method (Calibration set up under 
the teletherapy cobalt unit in multi – tube method.) 

Table 1 MRI Scanner Parameters employed in this study

Scanner data Scanner  parameters
Siemens  Avanto (Germany) Scanner type 
1.5 Tesla Field strength 
62.50 MHz RF frequency 
Quadrature head coil Coil used 

Multi-spin echo (CPMG) Pulse sequence 

III. RESULTS 

Four field technique normally applied for treatment of 
cancer of urinary bladder was implemented to a gel do-
simetry phantom. Gel dosimetry and treatment planning 
system were employed to obtain the absorbed dose 
distribution. Homogenous dose distributions were produced 
by both techniques. ICRU(42) guidelines were implemented 
to compare and evaluate these dose distributions. The 
ICRU(42) has recommended that the computed dose  should 
deviate from measured dose by less than 2% [6]. In this 
study and in the region of interest (at the central slice of the 
phantom) the difference in the dose obtained by gel do-
simetry and TPS is +0.7% (SD = 1.8% ). 

Fig.4  MRI slices of  calibration test tubes 

Table 2  Results  of multi-tube calibration

Number 
of test 
tubes 

Dose (Gy) at 
the central 
axis of the 
test tube  

Irradiation 
time 
(min) 

R2 (at the central 
axis of the test 

tubes and sagital 
plan) 
(1/s) 

SD 

Blank 0 0 5.35 0.34 
2 2 3.05 17.36 0.64 
3 4 6.11 28.12 1.66 
4 6 9.16 36.03 3.53 
5 8 12.22 46.35 11.90 

Fig.5 Dose response curve of MAGAT gel dosimeter was built in this 
study 

Fig.6 The coronal view of the pre-irradiated gel phantom 
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Fig.7 The coronal view of the post-irradiated MAGAT gel phantom 
(BOX technique) 

Fig.8 R2 contour of MAGAT gel phantom in coronal view after using a 
adaptive filter (10*10 mask) 

Fig.9 R2 profile of MAGAT gel phantom in coronal view  

Fig.10 R2 contour of MAGAT gel phantom in transaxial view after us-
ing a adaptive filter (2*10 mask)

Fig.11 R2 profile of MAGAT gel phantom in transaxial view 

IV. CONCLUSIONS  

In this study dose distribution of a clinical treatment pro-
cedure produced by MRI normoxic polymer gel dosimetry 
and TPS were investigated. In this study dose-integrating 
capacity of the gel dosimeter was demonstrated. This was 
accomplished by pixel-by-pixel comparison and dose vol-
ume histogram. A good agreement was found between the 
data obtained by the two methods employed in this work.  
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Fig.12 Isodose curves by RT Dose plan system 

Fig.13 Isodose curves by ALFARD treatment planning system

Fig.13 The normalized isodose contour by MAGAT gel dosimetry sys-
tem in this study
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Abstract—Although it is well known that protons do not 
have a constant RBE of 1.1 this value is used in the daily clini-
cal routine. To assess the impact of a variable RBE we have 
optimized proton treatment plans using a constant RBE and 
afterwards recalculated the RBE applying a method that is 
based on the linear-quadratic (LQ) model. We performed the 
study by creating treatment plans for four patients with naso-
pharyngeal carcinoma. A linear energy transfer (LET)  
dependence of the LQ-model was introduced by a linear de-
pendence of the parameter alpha on the LET. For each volume 
of interest an individual set of model parameters alpha and 
beta derived from literature values has been used. The LET 
dependence was assumed to be the same for all tissues. The 
results have been compared as RBE-weighted absorbed dose 
distributions. It could be shown that the differences between 
variable and constant RBE distributions depend mainly on the 
choice of parameters but locally a severe increase in RBE-
weighted absorbed dose could be observed due to regions of 
high LET. 

Keywords—proton therapy, treatment planning, RBE. 

I.   INTRODUCTION 

In the last two decades the number of proton therapy cen-
ters as grown significantly all over the world. Superior 
physical and biological properties of particle beams com-
pared to conventional photons promise improved treatment 
outcome. The physical properties of proton beams are well 
known but there are still questions on their relative biologi-
cal effectiveness (RBE). In the clinical routine it is com-
monly agreed on that proton treatments are 10% more effec-
tive in terms off cell kill than 60Co gamma-rays. On the 
other hand it is well known that this is a simplification of 
the actual situation. The effectiveness of protons depends at 
least on the beam quality and the irradiated tissue. Whether 
these effects are of clinical significance has long been dis-
cussed [1]. Wilkens and Oelfke [2] developed a phenome-
nological model for a variable proton RBE. This model has 
been implemented into our in-house treatment planning 
system KonRad for research purposes [3,4]. 

In this paper we want to investigate the potential risk of 
using a constant RBE. Especially the influence of the abso-

lute value of the model parameters and the role of their 
change with the LET shall be explored. To assess the  
differences in a variable and constant RBE approach we 
used the model in a four patient planning study. For each 
patient we created an intensity modulated proton treatment 
plan for a constant RBE of 1.1. Based on the fluence of the 
proton pencil beam spots we applied our radiobiological 
model to calculate a variable RBE. The impact of the vari-
able RBE was studied by comparing the RBE-weighted 
absorbed dose distributions of the two methods. 

II.   MATERIAL AND METHODS 

A.   Patient Data and Plan Setup 

The RBE changes are investigated on four patients that 
have been previously treated with intensity-modulated radia-
tion therapy. All four were diagnosed with a nasopharyngeal 
carcinoma. The target volumes compromised a macroscopic 
tumor volumes (PTV-66) and elective tissue/nodal volumes 
(PTV-54) with adequate margins. In two cases an extra 
lymph node was planned for the same dose as the PTV-66. 
The PTV-66 was prescribed to an RBE-weighted absorbed 
dose of 66 Gy (RBE) and the PTV-54 to 54 Gy (RBE). In 
accordance to [5] we will use the term RBE-weighted ab-
sorbed dose and the unit Gy (RBE) for the product of RBE 
and absorbed dose. All organs at risk and target volumes 
were delineated by an experienced physician. 

The patients were irradiated with five coplanar fields in 
total. Due to the large size and the different geometries of 
the combined targets, PTV-66 and PTV-54 in the upper 
neck were irradiated with four coplanar fields (gantry angles 
90°, 135°, 225° and 270°) and the lymph channels in the 
lower neck with three coplanar fields (0°, 135° and 225°). 
These two setups were chosen to avoid range uncertainties 
from irradiating through the nasal cavities and to spare the 
shoulder joints. The beam spots were set for 3D spot scan-
ning intensity modulated proton therapy (IMPT) [6]. Within 
each iso-energy layer proton spots were placed 5 mm apart 
in both lateral directions. In depth the spot spacing was 3 
mm in water equivalent depth.  
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B.   The Radiobiological Model 

The radiobiological model for protons that is imple-
mented into our treatment planning system was developed 
by Wilkens and Oelfke [2,4]. It is based on the linear-
quadratic model for radiation response [7] that describes the 
response of tissue on absorbed dose D by two parameters α 
and β. The biological effect E i.e. the negative logarithm of 
cell survival is given by 

2DDE βα += .                            (1) 

Parameters for the reference radiation 60Co are denoted by 
the subscript x. For protons the change of the effect with the 
LET L is modeled by a linear parameter λ: 

Lp ⋅+= λαα 0                            (2) 

The index p denotes a proton parameter and α0 was chosen 
to obtain an RBE of 1.0 in the low-LET entrance region of 
the proton beam. The second parameter βp is assumed to be 
constant and equal to the reference parameter. The required 
three dimensional LET distributions were calculated within 
our TPS [8]. 

C.   Biological Parameters 

The employed biological model requires four parameters 
for every tissue: 

• reference parameters αx and βx, 
• the parameter α0 and  
• the linear parameter λ. 

The reference parameters were calculated from dose re-
sponse data found in the literature according to the relations 
given in [9]. The values for parotids can be found in [10], 
for the spinal cord in [11] and for the inner ears in [12]. All 
other values were taken from [13]. For PTV-66 and PTV-54 
different data sets were used. For all tissues for which we 
could not derive any parameters from the above sources a 
constant RBE of 1.1 was assumed. 

The linear parameter λ could in principle be determined 
individually for every tissue but evidence for different val-
ues is scarce and most values would be pure guessing. We 
therefore decided to go a different way. We determined the 
mean LET and absorbed dose in the PTV-66 in treatment 
plans that were optimized with a constant RBE of 1.1 and 
chose λ such that the mean variable RBE in the PTV-66 will 
also be approximately 1.1. We decided to go this way as a 
mean RBE of 1.1 in the gross tumor volume is the only 
value that is regularly reported [1]. 

D.   Irradiation Device and Dose Calculation 

For the calculation of the treatment plans we used hypo-
thetical data for a virtual proton machine. It has three initial 
beam energies (160, 200 and 250 MeV). The initial energy 
spectrum is distributed with a Gaussian sigma of 0.5 % of 
the initial energy. For parallel incident beam spots the 
source to isocenter distance was set to 10 m. 

The dose deposition is calculated using a pencilbeam al-
gorithm with multiple Coulomb scattering. The sigma of the 
spots varies from initially 2.5 mm to up to 8 mm at the peak 
position. 

E.   Comparison of Dose Distributions 

Overlapping volumes of interest are of specific concern 
in biological treatment planning. Especially due to target 
margins target and risk structures frequently overlap. For 
the optimization each voxel has to belong to one structure as 
otherwise no dose could be prescribed and no fixed set of 
biological parameters assigned. During the evaluation of 
RBE-weighted absorbed dose distributions we assess every 
volume separately and treat every voxel as if it belongs only 
to this structure. If during the optimization this voxel was 
assigned to another volume the RBE has been calculated 
with different parameters. We therefore recalculate the RBE 
for all voxels individually before we create dose-volume 
histograms for RBE-weighted absorbed dose. Therefore all 
organs at risk dose-volume histograms (DVH) contain all 
the voxels that are within the delineated structure i.e. the 
same voxel may contribute to more than one volume. 

Target volumes are treated differently. With the PTV-54 
incorporating the PTV-66 completely it is not possible to 
conclude from an inclusive DVH if the optimization goals 
were reached. The prescribing treatment planner made a 
clear decision which region should be treated with a higher 
dose and which ones with a lower dose. If high- and low-
dose region are displayed as one volume it is not possible to 
judge the quality of the dose distribution in this target. 
Therefore we present DVHs for the PTV-54 without the 
voxels that also belong to PTV-66. 

III.   RESULTS 

A.   The Parameter λ 

Following our considerations in section II.C we calculate 
λ using the mean LET and absorbed dose in the PTV-66 in 
the four treatment plans that were optimized with a constant 
RBE. The mean LET is 2.27 keV/μm and the mean ab-
sorbed dose 2.0 Gy per fraction. If the respective parameters 
are applied to each patient and the result is averaged we 
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obtain λ1.1=0.008 μm/keV·Gy. This value will be used for 
all further calculations. 

B.   Comparison of Constant and Variable RBE 

The comparison of variable and constant RBE-weighted 
absorbed dose distributions turned out to be similar for all 
four cases. Therefore we will be focusing on one example. 
In figure 1 DVHs for four representative volumes are dis-
played. 

In both target volumes and in the left inner ear the two 
distributions can be easily distinguished from one another. 
In the left parotid no clearly observable shift in the effect 
was induced. For all four cases the maximum RBE-
weighted absorbed dose increased. In the PTV-54 and left 
inner ear the mean RBE-weighted absorbed dose also rose. 
In the following we will try to explain these results. 

Maximum effect: The maximum effect was expected to 
rise in all cases as the variable RBE will rise above 1.1 in 
regions of higher LET. The rate of change depends on the 

ratio of α0 and λ and the proximity of the volume to steep 
dose gradients. Those gradients can be found at the border 
of PTV-54 to PTV-66. 

Mean effect: The mean effect rises only slightly in the 
PTV-66 as it was expected from the choice of λ. PTV-54 
and left inner ear are exposed to a significantly higher effect 
as in the case of a constant RBE. This was also expected as 
the PTV-54 contains the dose gradients towards the PTV-
66. Steep dose gradients are often modeled with the distal 
edge of Bragg peaks where the LET increases significantly. 
Inner ear tissue is very sensitive to a change in LET as the 
ratio of α0 to λ is small. On the other hand hardly any 
change can be observed in the left parotid. Yet for this tis-
sue α0 is so large compared to λ that only for a very high 
LET a significant rise in the RBE above 1.1 is expected. 

Target coverage: The PTV-66 and PTV-54 target cover-
age increases but at the cost of higher maximum effect. The 
homogeneity of both target RBE-weighted absorbed dose 
distributions decreased. This is also expected as in the target 
the largest LET inhomogeneities are expected to occur. 

 
Fig. 1 Dose-volume histograms for four different volumes displaying RBE-weighted absorbed dose (DRBE) for both the constant RBE and the variable RBE
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IV.   DISCUSSION AND CONCLUSIONS 

Using the same λ for all tissues is questionable. Espe-
cially for radio-sensitive tissues (large αx) the influence of 
the LET is very low compared to radio resistant tissues. 
On the other hand we are lacking a rational alternative. 
There is not enough data published from which different 
conclusion can be drawn and we do believe that the ap-
proach using λ to quantify the α0/αx versus LET slope is 
not valid as the RBE then depends only on the ratio of two 
reference parameters. 

The comparison of constant and variable RBE distribu-
tions in treatment planning lead to some expected results. 
We anticipated the increase in the maximum effect and the 
increase in the mean RBE-weighted absorbed dose in most 
of the volumes. The broad variety of induced reactions on 
the radiobiological model showed that different tissues can 
be easily modeled. The results showed that within our 
framework for radio-resistant tissue the variable RBE has to 
be taken into consideration to avoid severe overdoses in 
organs at risk. Serial organs that are sensible to maximum 
tolerable effects could otherwise be easily damaged beyond 
the limits. On the other hand for radio-sensitive tissues a 
constant RBE seems to be valid approach. 

We conclude that for some tissue a treatment planning 
considering the variable RBE already during the optimiza-
tion is favorable. Therefore an expansion of this study is 
currently performed in which we optimize directly treat-
ment plans with a variable RBE model to see if we can 
achieve similar results as a constant RBE optimization. 
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Comparison of Dose Distribution in Brain Tumor Conformal Radiotherapy Using 
CT and CBCT 

 
Objective:To research the value of cone-beam CT (CBCT) 

in dose re-calculation in IGRT by compared with dose 

distribution using CBCT to CT.  Method:To measure CT value 

of materials in phantom and compare with standard CT value 

by CBCT images of phantom. Besides 5 patients with brain 

tumor was selected, completed CT-simulation. Based the CT 

images, a conformal treatment plan was completed in Pinnacle3 

TPS. In the beginning 1 week  of treatment, 5 serieses on-board 

images of this patient were obtained. The treatment plan, which 

was designed using the CT images, was fused with the 5 CBCT 

images respectively. After dose re-calculating, the differences of 

CT value and dose of iso-centre, GTV and normal tissue (such 

as eyes) were gotten. Results:Between the measured and 

standard CT value in phantom test, the maximum was 22 HU. 

The homogeneity of CBCT image edge is not very good, the  

 

maximum about it was 16HU. Between the plan using CT and 5 

plans using CBCT, the maximum of dose on iso-centre was 

±2%; the maximum of CT value of PTV was 22 HU, and dose 

on it were±2%; the maximum of CT value of eyes were 75 HU, 

and dose on them were ±5%; the maximum of CT value of 

brain was 16 HU, and dose on it were ±1%. The maximum of 

total MU of 6 plans were 5 MU. Conclusion:From the 

comparison results, it could be concluded that the differences of 

CT value and dose distribution in plans using CBCT and CT 

were almost ignored. So CBCT, instead of CT, could be used in 

dose calculation, which offers a feasible individual 

Image-Guided Radiotherapy. 

Keywords––OBI, CBCT, brain cancer. 
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Effect of the Same Plan on Doses to Patients during Radiotherapy with 
Nasopharyngeal Carinoma 

 
Objective: To evaluate the feasibility of primitive IMRT 

plan was used throughout the treatment course in the 
nasopharyngeal carcinoma. Methods:10 patients with 
nasopharyngeal carcinoma who had undergone radiotherapy 
by IMRT was selected. A IMRT plan was designed by 
Pinnacle3 planning system. During the middle period of the 
irradiation, the secondary scans were made with the same CT 
parameters of the first, and then to copy the primitive plan to 
secondary CT image，The same energy, beam angles, control 
points, and optimization parameters were used for dose 
calculations for each paired plans using a treatment 
optimization system. The two plans were compared using a set 
of parameters derived from DVHs and dose-volume statistics. 
Detailed analysis of the dose distribution of the treatment 
volume. Result:the secondary plan was compared with the first 

plan. At the Isocenter layer，the mean length was diminute to 
8% in the anterior-posterior direction and 3% in the left-right 
direction. PTV1（D95）was decreased to 0.6％ －5.3％；the 
extent of the averaged volume to the right/left parotids was 
decreased to13.1％－41.4 ％and 12.0％－49.0％ 
respectively；The averaged dose to the right/left parotids was 
increase to 5.6 ％－45.1％and 3.3％－32.2％respectively；the 
waving extent of Dmax To the spine cord and brain stem are 
-4.1％－13.9％,-3.9％－9.3％respectively. Conclusion:Our 
planning study showed that there were the essentiality to 
modify the plan to correcting the target and normal tissue 
variation in treatment courses in the nasopharyngeal 
carcinoma. 

Keywords––Nasopharyngeal carcinoma,intensity modulated 
radiotherapy；the same plan, the influence of dose. 
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Abstract—Purpose: A prospective study was undertaken to 
evaluate radiotherapy techniques for Hodgkin’s lymphoma, 
particularly focusing on dose homogeneity in the target and 
normal tissue sparing capability of manual forward planning 
methods using MLC- optimized field-in-field technique. 

Methods and materials: 10 patients with Hodgkin’s lym-
phoma were evaluated. Two plans were simulated for each 
patient using 6 MV X-rays: a conventional multi-leaf (MLC) 
parallel-opposed (AP-PA) plan , and the same plan with addi-
tional MLC subfields (field-in-field technique, FIF). For plan 
comparison, the minimum, the maximum and the mean dose in 
the PTV and in critical organs (lungs, spinal cord, heart and 
thyroid) were evaluated. The Inhomogeneity Coefficient (IC), 
the normal tissue complication probability (NTCP) and toxic-
ity parameters were also determined.  

Results: the PTV coverage resulted significantly improved 
with the FIF technique compared to the conventional one 
(mean ICFIF =0.31 vs mean ICap-pa = 0.40 , p <0.05). Basically, 
normal tissue toxicities were significantly reduced. 

Conclusion: We have shown that the use of FIF technique in 
Hodgkin radiotherapy effectively improves PTV conformity 
while saving critical organs. 

Keywords—Hodgkin’s lymphoma, radiotherapy, field-in-
field, NTCP. 

I.   INTRODUCTION 

Sequential treatment with antiblastic chemotherapy and 
radiation for Hodgkin’s lymphoma (HL) is a proven cura-
tive therapeutic strategy. Radiotherapy in stage II Hodgkin’s 
lymphoma is very often characterized by large shaped 
fields, encompassing different body sites with a wide vari-
ability of thickness and density of the irradiated tissues. 
This implies that, in HL, dose gradients that would be con-
sidered unacceptable in radiotherapy for other neoplasms, 
are generally tolerated. Moreover, the low average age of 
HL patients and the large irradiated volume make this pa-
tient population particularly at risk for development of late 
side effects and secondary neoplasms. 

Several delivery techniques, aimed at achieving better 
homogeneity in dose distribution and dose reduction to 
critical structures, while avoiding the use of conventional 
blocks and physical compensators and preferring the mul-
tileaf collimator (MLC), are proposed in literature [1-3]. In 

this work we define and quantify the dosimetric advantages 
of MLC- optimized field-in-field technique for HL, mainly 
focusing on dose homogeneity in the target and normal 
tissue sparing capability. 

II.   PATIENTS AND METHODS 

Ten consecutive patients with Hodgkin’s disease receiv-
ing post chemotherapy radiotherapy at the Department of 
Radiotherapy of the University “Federico II” of Naples 
were considered for the study. In all patients a continuous 
CT-scan was done in supine position. Clinical target volume 
(CTV, the nodal sites involved at the time of diagnosis) and 
the organs at risk (OARs, lungs, spinal cord, heart and thy-
roid) were delineated on the CT scans by the same radiation 
oncologist. Planning target volume (PTV) included CTV 
plus a 10 mm margin.  

Two treatment plans were generated for each patient:  
Plan 1. Conventional Plan. Anterior-posterior-posterior-

anterior (AP-PA) plan. The prescription dose was specified 
at the centre of PTV. Field weightings were adjusted to 
achieve the maximum possible uniform distribution in the 
target volume. 

Plan 2. Field-in-Field plan. In the FIF technique the start-
ing point was the conventional AP-PA plan. Then, addi-
tional MLC subfields were added. We used 2 or more (with 
a maximum of 5) subfields, all with the same AP-PA iso-
center. We always used subfields with Monitor Units (MU) 
> 4 [4]. The MLC positions and beam weightings were 
optimized by forward planning based on the 3D dose distri-
bution as well as on dose-volume histograms (DVHs) in 
order to achieve better homogeneity of the dose distribution. 

Both plans were generated using 6 MV X-rays, with a 
dose rate of 200 UM/min, from Siemens Primus linear ac-
celerator equipped with 29 pairs of double-focused mul-
tileaf collimator (MLC). A total dose of 30 Gy in 20 daily 
fractions of 1.5 Gy  was planned.  

For plan evaluation and comparison, dose-volume histo-
grams (DVHs) were calculated and the minimum, maxi-
mum and mean doses were recorded for the target and  
critical organs. The percentage of PTV volume within 95% 
isodose (V95) and the Inhomogeneity Coefficient (IC) were 
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also recorded. Furthermore, we recorded the toxicity pa-
rameters as the volume of lung receiving at least 20 Gy 
(VL20) and 30 Gy (VL30) and the volume of thyroid re-
ceiving at least 30 Gy (VT30). 

Normal tissue complication probabilities (NTCPs) for 
lungs, heart, spinal cord and thyroid were calculated. Be-
cause of the low doses involved in the planning procedure, 
we calculated NTCP corresponding to tolerance dose TD5/5, 
except for the lung for which we also considered the toler-
ance dose TD50/5. The parameters for NTCP calculations 
(volume effect [n], slope [m], and tolerance doses) were 
taken from Burman et al. [5]. 

III.   RESULTS AND DISCUSSION 

Planning Target Volume Mean dosimetric parameters for 
PTV were shown in table 1. Both the IC and the V95 values 
were significantly in favor of FIF plan. For all patients, PTV 
coverage improved when using FIF technique compared 
with AP-PA technique. 

Table 1 Mean dosimetric parameters for PTV and OARs 

Parameters Plan 1 Plan 2 p value 

PTV    
Dmin (Gy) 22.8 23.7 ns 
Dmax (Gy) 35.5 33.4 0.0004 
Dmean (Gy) 31.4 30.4 <0.0001
V95 (%) 95.9 96.8 0.04 
IC 0.40 0.31 0.0002 
Lungs    
Dmin (Gy) 0.5 0.5 ns 
Dmax (Gy) 34.4 33.0 ns 
Dmean (Gy) 17.4 13.1 ns 
Heart    
Dmin (Gy) 5.1 5.1 ns 
Dmax (Gy) 32.5 32.6 ns 
Dmean (Gy) 23.5 24.2 ns 
Spinal cord    
Dmin (Gy) 1.05 0.5 ns 
Dmax (Gy) 33.4 32 0.0008 
Dmean (Gy) 22 22 ns 
Thyroid    
Dmin (Gy) 19 17.2 0.01 
Dmax (Gy) 33.4 30.1 <0.0001
Dmean (Gy) 26.7 24.3 <0.0001

Abbreviations: Dmin= minimal dose;Dmax, = maximal dose; Dmean= mean 
dose; IC= inhomogeneity coefficient, V95= percent of PTV volume within 
95%  isodose ; ns= not significant. Differences are significant with a p 
value less than 0.05. 

Critical Organs In table 1 the mean values of minimum, 
maximum and mean dose for all critical organs are also 
reported. Predicted NTCPs and toxicity parameters are 
reported in table 2. 

Table 2 Mean NTCPs  (%) and toxicities parameters for OARs 

Parameters Plan 1 Plan 2 p-value

NTCP lungs (%) 9.2 7.6 0.03 
NTCP heart (%) 0.4 0.4 ns 
NTCP spinal cord (%) 2.2 1.7 0.04 
NTCP thyroid (%) 11.1 7.2 0.01 
VL20 45.4 45.1 ns 
VL30 28.5 23.4 0.002 
VT30 79.0 20.8 0.0005 

Abbreviations: NTCP normal tissue complication probability, VL20 = 
volume of lungs receiving 20 Gy, VL30 = volume of lungs receiving 30 
Gy, VT30 = volume of thyroid receiving 30 Gy 

Concerning the dose to the lungs, the mean values of 
minimum, maximum and mean dose were similar with AP-
PA and FIF plans. Whereas the volume receiving a low 
dose (VL20) remained unchanged, it is worth noting that in 
all FIF plans the volume of lungs receiving at least 30 Gy 
(VL30) was significantly reduced. This result could indicate 
a lower lung toxicity since lung toxicity rate seems to be 
correlated with a higher dose volume rather than with a 
lower dose volume [6]. 

Furthermore, when comparing the NTCP values for the 
lungs, the FIF plan appears to have significantly reduced the 
risk of late pneumonitis compared with the conventional 
plan. 

The irradiation of the heart was comparable in the two 
techniques (same low NTCP and doses) while the FIF tech-
nique significantly reduced the maximum dose to the spinal 
cord as well as the predicted NTCP. 

Relating to the dose to the thyroid, the average values of 
minimum, maximum and mean dose were significantly 
lower in the FIF plan. All FIF plans succeeded in signifi-
cantly decreasing the NTCP and VT30 parameter. Thyroid 
toxicity was appreciably reduced using the FIF plan com-
pared with the AP-PA plan. Indeed, it has been  shown [7] 
that the irradiation of the thyroid gland induces a 50% risk 
of developing hypothyroidism and 20% risk to develop 
thyroid nodules. Radiation dose and volume of thyroid 
involved correlate with the incidence of hypothyroidism: 
the volume of gland that received 30 Gy has been shown to 
have a significant impact on TSH peak [8]. 
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IV.   CONCLUSIONS 

Several investigators have proposed the use of  IMRT for 
large fields as HL fields [9,10], mainly to improve dose 
homogeneity. Nonetheless, considering the significant cost 
and requirement of human resources, there are still many 
centers that don’t have adequate funds to implement this 
technique. At the same time in recent years some authors [1-
3] have realized simple forward-planning IMRT techniques 
where dose conformation is obtained by combining domi-
nant MLC fields and subfields, with simple beam weighting 
modulation. 

This work extends the complexity of the analysis to 
evaluate the possible advantages of FIF plans vs. AP-PA 
plans for Hodgkin’s lymphoma and shows that the use of 
the FIF technique provides a better dose homogeneity than 
the conventional method, while generally sparing the 
OARs. 

In conclusion, the use of FIF technique shows an im-
proved performance when compared with the conventional 
AP-PA technique and represents a valid alternative to the 
use of IMRT. 
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On the performance of monitor chambers to measure the output of medical linear 
accelerators for high-precision dosimetric investigations  
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Abstract— The usability of the internal monitors of medical 
linear accelerators for high-precision dosimetric measure-
ments has been investigated. It was found that when compar-
ing the internal monitor signal with primary or reference-class 
secondary standards, the response of the internal monitor 
might change by about 1 % over a period of several hours. 

A self-constructed monitor chamber is presented whose re-
sponse is stable within 0.1 % and which can be used for high-
precision dosimetric measurements which aim at uncertainties 
in the order of a few tenths of a percent. 

Keywords— dosimetry, monitor, accelerator, uncertainty 

I. INTRODUCTION  

The Physikalisch-Technische Bundesanstalt (PTB) 
commissioned two medical linear accelerators of the 
“Elekta Precise” type in the beginning of the year 2008 [1]. 
They are intended to be exclusively used for research in the 
field of dosimetry for radiotherapy, as for instance the de-
termination of beam quality correction factors for ionization 
chambers in high-energy photon and electron beams [2,3], 
the investigation of the performance of dosimetric detectors 
under different radiation conditions [4] or the development 
of new dosimetric measurement procedures which are ap-
plicable in small and irregularly shaped radiation fields. 

For these investigations the accelerators are operated in 
different modes: Either they are used to deliver (nominally) 
the same doses in a lot of consecutive irradiations, each 
lasting a few minutes, with a break of a few minutes in 
between (e.g. for the determination of beam quality correc-
tion factors using the water calorimeter), or they are ex-
pected to irradiate with a constant dose rate over a period of 
a few hours (e.g. for high-resolution scans of the field ge-
ometry). 

In practice, however, a variation of the consecutively ap-
plied doses or a variation of the dose rate occurs over time 
which has to be taken into account for high-precision meas-
urements. In order to perform the above-mentioned investi-
gations with an overall uncertainty of a few tenths of a per-
cent, it is crucial to monitor the output of the linear 
accelerator (i.e. dose rate or applied dose) with an uncer-
tainty of not more than 0.1 % . 

In order to achieve this requirement, we investigated the 
performance of the internal monitor of the accelerator 
(which is contained in the radiation head) and a self-
constructed transmission ionization chamber whose proper-
ties and behaviour will be described in this article. 

II. THE INTERNAL MONITOR OF THE ACCELERATOR 

A. General 

The radiation head of the Elekta Precise linear accelera-
tor contains an ion chamber assembly which monitors the 
dose output and controls the uniformity of the beam. In 
clinics, this internal monitor is used to switch the beam off 
when the prescribed dose has been applied. 

An analogue signal proportional to the actual dose rate 
measured by this internal monitor can be accessed at the 
linac’s service panel. This signal was digitized and used as 
the so-called “internal monitor signal” in the investigations 
presented here. The time integral of this signal is propor-
tional to the applied dose as seen by the internal monitor of 
the linac. 

B. The performance of the internal monitor 

The proportionality of the internal monitor signal to the 
dose rate at a reference point in a water phantom during 
long-run irradiations was checked experimentally by com-
paring this signal with the dose rate measured by a refer-
ence-class ionization chamber of type IBA FC65-G. 

 This ionization chamber was positioned in a water phan-
tom under reference conditions (see [5]) and continuously 
irradiated for about 2 hours in the 8 MV beam of our linear 
accelerator “A”1. During this irradiation, the mean values of 
the internal monitor signal and of the ionization current 
from the reference chamber in the water phantom over each 
time interval of 30 s were taken simultaneously2 . The ioni-
zation current of the reference chamber was corrected for 
                                                           
1 The two Elekta Precise accelerators employed in this study are 

referred to as “A” and “B”. They have the serial numbers 1617 
and 1605, respectively. 

2 Additionally, the improved transmission monitor chamber was in 
the beam; this will be described later in section III.C. 
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the influence of air density by means of the common for-
mula (see e.g. [5]). 

The ratio of the ionization current of the reference cham-
ber and of the internal monitor signal was calculated for 
each measurement; the change in this ratio over time is 
shown with circles in Fig. 1. 
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Fig. 1: Change in the ratios of the signal from the reference-class ionization 
chamber of type FC65-G to that from  the internal monitor of the linac (●) 
and to that from the improved transmission monitor chamber (■, cf. section 

III.C) during a continuous irradiation in the 8 MV beam of linac “A”. 

It can be seen from this figure that the ratio of the signals 
obtained from the reference ionization chamber and the 
internal monitor of the linac changes by about 0.7 % during 
a period of about 2 hours. 

For checking the internal monitor performance during 
consecutive short-term irradiations, we compared the time 
integral of the internal monitor signal (which should be 
proportional to the dose applied to the reference point) with 
the signal obtained from the detector of our water calorime-
ter, which is a primary standard for absorbed dose to water 
[2,3]. 

After the water calorimeter had been adjusted in front of 
linac “B”, it was irradiated in the 6 MV beam in series of 
eight consecutive irradiations, each lasting 120 s with a 
break of 125 s in-between. After a series of eight irradia-
tions, a break of about 50 min occurred, which was needed 
to re-equilibrate the calorimeter3. By following this proce-
dure, between 30 and 40 irradiations can be performed per 
day (during 6-8 hours). This measurement procedure was 
repeated during six days (whereas the chronological se-
quence – starting from powering up the linac in the morning 
– was nearly the same each day) yielding a total of 190 
irradiations. 

                                                           
3  This is the regular measurement procedure applied with our 

water calorimeter (see eg. [2]). 

The ratio of the signals obtained from the water calo-
rimeter detector and the internal monitor of the linac was 
calculated for each irradiation4. In the upper part of Fig. 2, 
the change in this ratio versus the number of irradiations per  
day is shown for all data points5. The line shown in this 
figure is a least-squares fit to a 3rd order polynomial, which 
illustrates the general trend over time. 
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Fig. 2: Change in the ratio of signals from the water calorimeter to that 
from the internal monitor (upper part), and to that from the improved 

transmission monitor chamber (lower part, cf. section III.C) for consecu-
tive irradiations in the 6 MV beam of linac “B” during a period of about 8 

hours. 

It can be seen from that figure that the ratio of the calo-
rimeter detector signal and the (integrated) internal monitor 

                                                           
4  During this investigation the improved transmission monitor 

chamber was in the beam, too (see section III.C). 
5 The number of irradiations shown on the abscissa can be con-

verted to the time since the start of the measurements. This has 
not been done here because the chronological sequence of meas-
urements differs slightly from day to day (which is unimportant 
for the results presented here). 

86 R.-P. Kapsch and A. Krauss

  
 IFMBE Proceedings Vol. 25  



signal changes by about 1.4 % during a period of about 
8 hours. This variation occurs (roughly) in the same way on 
each of the six days spent for this investigation. 

Despite the fact that the results shown in figures 1 and 2 
were obtained at different linear accelerators in photon 
beams of different energies and on different days, the 
amount of variation observed during the first two hours of 
the measurements, using the water calorimeter (approxi-
mately the first 16 points in Fig. 2), agrees well with the 
variation observed for the measurement using the reference-
class ionization chamber. 

We therefore assume that the observed variations are due 
to a drift in the response of the internal monitors of the 
medical linear accelerators over time. Therefore the internal 
monitor signals are not useable for high-precision dosimet-
ric measurements which aim at uncertainties in the order of 
a few tenths of a percent. For such measurements, an exter-
nal monitor with superior performance (compared to the 
internal monitor) must be used. 

In principle, a high-quality ionization chamber which is 
positioned in the water phantom close to the reference point 
(similar to the set-up used for the investigation shown in 
Fig. 1) might work well. However, such an additional 
chamber in the phantom is ill-suited for some measurement 
problems: For instance it interferes with scans of the beam 
profile in the phantom, it is not applicable for measurements 
in small beams, and it would be very difficult to use in the 
water calorimeter which is operated at a water temperature 
of 4 °C and which has to be closely isolated from the sur-
rounding environment. 

In order to omit these problems, a large-area transmission 
ionization chamber was constructed which is positioned 
between the exit of the radiation head of the linac and the 
entrance window of the phantom (or the calorimeter). 

III. THE TRANSMISSION MONITOR CHAMBER 

A. The first version of the monitor chamber 

The transmission ionization chamber can be imagined as 
a plane parallel chamber whose electrodes are crossed or-
thogonally by the beam. In order to minimize the perturba-
tion of the beam by the presence of this transmission cham-
ber, the electrodes are made of graphitized hostaphan foils 
of 20 μm thickness. The distance between the two elec-
trodes is 5 mm; the diameter of the circularly shaped elec-
trodes is 4 cm. The total diameter of the chamber is 27 cm, 
which is large enough to guarantee that its ring-shaped outer 
wall, made of aluminum of 8 mm thickness, does not inter-
cept the beam. The chamber is vented by some small holes 
in the hostaphan foils. 

B. The dependence on the air pressure 

During some first experiments, this transmission monitor 
chamber worked (in principle) as expected, as long as the 
air pressure was constant during the measurement. How-
ever, when the air pressure changed during a measurement, 
a slight change in the chamber’s response was observed 
despite the fact that the ionization current measured with 
this chamber was corrected by means of the common for-
mula (see e.g. [5])6 for the influence of air pressure. In order 
to investigate this effect in detail, the transmission chamber 
was irradiated in our 60Co reference field over a period of 40 
hours when the weather forecast predicted a change of air 
pressure. The ionization current and the air pressure were 
measured simultaneously every 15 minutes. The ionization 
current was corrected for the change in air density and for 
the radioactive decay of the 60Co source. In Fig. 3, the 
change in the (corrected) ionization current versus the 
change of the air pressure during this measurement is 
shown. 
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Fig. 3: The change in the ionization current of the transmission ionization 
chamber in the 60Co reference beam in dependence on the change in air 
pressure. The ionization current was corrected for the influence of air 

density and the radioactive decay of the 60Co source. The solid line is a 
linear fit to the data. 

It can be seen from this figure that the corrected ioniza-
tion current depends linearly on the air pressure (in a very 
good approximation). According to a linear least-squares fit 
(the solid line in Fig. 3), the corrected ionization current 
changes by 0.33 % when the air pressure changes by 1 %. 

An explanation for this effect was found to be the dose 
build-up in the air volume between the radiation source and 
the transmission chamber. For radiation with a given qual-
ity, the dose build-up in air changes with the density of the 
air (i.e. the air pressure and the temperature).  
                                                           
6 Of course it was checked that the chamber was properly vented. 
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The transmission monitor chamber, which is positioned 
in air at a fixed distance from the source (about 60 cm), 
gives a signal which is proportional to the dose to air at this 
position. As the dose to air at a fixed position might change 
due to a change in the dose build-up when the air pressure 
changes, the ionization current produced in the transmission 
chamber changes as well. 

This (qualitatively explained) effect was investigated 
quantitatively by means of Monte Carlo simulations. The 
mean dose in the sensitive volume of the transmission 
monitor chamber in the 60Co beam was calculated by using 
the Monte Carlo simulation package EGSnrc [6], whereas 
the details of the geometry of the chamber as well as the 
properties of the 60Co beam have been taken into account. 
The calculation was repeated several times with different air 
pressures, revealing a change in the dose of (0.40 ± 0.04)% 
in the sensitive volume of the transmission chamber when 
the air pressure changes by 1 %, which is in reasonable 
agreement with the experimental findings. 

C. The improved version of the monitor chamber 

The observed change in the response of the transmission 
chamber with the air pressure could of course be taken into 
account calculationally, e.g. by introducing an additional 
correction factor. Unfortunately, the change in the dose at a 
fixed position in air does not only depend on the change in 
the air pressure, but also on the beam quality (which influ-
ences the shape of the dose distribution in air) and on the 
distance from the source (which influences the gradient of 
the dose distribution curve). Therefore it would be neces-
sary to determine a proper correction factor for each beam 
quality and each position of the monitor chamber in differ-
ent experiments. Because this would be unpractical, the 
attempt was made instead to minimize the change in the 
response due to a change in air pressure by generating a 
“well-defined” dose build-up in front of the transmission 
chamber which is not influenced by air pressure changes. 

This “well-defined” dose build-up was obtained by a 
PMMA plate which is located in front of the monitor cham-
ber and whose thickness is such that the dose build-up in 
this PMMA plate exceeds the build-up in the air. The disad-
vantage of this additional material in the beam is that it acts 
as an additional filter which changes the beam quality. 
Therefore this PMMA plate should be as thin as possible. 

The optimal thickness of this PMMA plate was found by 
a combination of Monte Carlo simulations and experimental 
investigations to be 3 mm. Finally, an improved version of 
the monitor chamber was constructed which is very similar 
to the first version (described in section III.A), with the 
exception that the entrance window of the chamber is made 
of a 3 mm PMMA plate.  

The performance of this improved version of the trans-
mission monitor chamber has been checked simultaneously 
with the performance measurements for the internal monitor 
of the linac discussed in section II.B. The corresponding 
data obtained for the improved transmission monitor cham-
ber are shown in figures 1 and 2. They should be compared 
to the performance of the internal monitor. 

IV. CONCLUSION 

It has been found that the response of the ionization 
chambers installed in the radiation heads of two Elekta 
Precise medical accelerators changes by about 1 % over a 
period of several hours. Those chambers are therefore not 
suited for high-precision dosimetric measurements aiming 
at uncertainties of a few tenths of a percent. 

A newly constructed transmission ionization chamber, 
which is positioned outside the accelerator between the 
radiation head and the phantom, is able to deliver a signal 
which is proportional to the dose rate at the reference point 
in the phantom, with a deviation well below 0.1 % over a 
period of several hours. This transmission chamber is now 
used routinely to monitor the output of the linacs during the 
dosimetric experiments done at PTB. 
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Calorimetric Determination of Absorbed Dose to Water for an 192Ir HDR 
Brachytherapy Source in Near-Field Geometry 

M. Bambynek, A. Krauss, and H.-J. Selbach 
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Abstract—192Ir brachytherapy sources have been calibrated 
in terms of the reference air kerma rate at the Physikalisch-
Technische Bundesanstalt (PTB) for more than 15 years. To 
reduce the uncertainty of the conversion factor from the refer-
ence air kerma rate to the absorbed dose to water at a distance 
of 1 cm from the source, the PTB has started a new project for 
the direct determination of the absorbed dose to water at a 
short distance from a clinical 192Ir HDR (high dose rate) source 
by use of a water calorimeter. The experimental set-up, heat 
transfer calculations and calorimetric measurements in three 
different depths in water are presented. For the determination 
of the dose rate constant Λ, additional measurements of the 
reference air kerma rate were performed and the radial dose 
function was determined by means of a plastic scintillation 
detector system as well as by Monte Carlo calculations. 

Keywords—brachytherapy, 192Ir source, absorbed dose to 
water, water calorimetry. 

I.   INTRODUCTION 

Modern brachytherapy with high dose rate (HDR) 192Ir 
sources has become more and more important in the field of 
radio-oncology. The basic dosimetric quantity for the ther-
apy planning is the absorbed dose rate to water. As yet, 
however, the output of brachytherapy sources is character-
ized by the quantity reference air kerma rate (RAKR), 
which is defined in ICRU report 72 as the air kerma in vac-
uum at a distance of 1 m from the activity centre of  
the source, perpendicular to the central axis of the source. 
The desired water absorbed dose rate is deduced from the 
RAKR by the so-called dose rate constant Λ, being  
the conversion coefficient between the RAKR refK and the 

absorbed dose rate to water ( )00 ,θrDw  in a water phantom 
in the reference distance r0 = 10 mm from the source and in 
the reference direction °= 900θ  (perpendicular to the 
source axis): 

( )
ref

w

K
rD 00 ,θ=Λ . 

192Ir-HDR brachytherapy sources have been calibrated in 
terms of RAKR for more than 15 years at PTB with a rela-

tive standard measurement uncertainty of 1.25 %. The dose 
rate constant, however, is mainly the outcome of Monte 
Carlo calculations with an uncertainty of roughly 5 %. The 
experimental verification of these calculations is therefore a 
very important objective as well as the direct calibration of 
brachytherapy sources in terms of absorbed dose to water. 
To achieve this goal, a project within the scope of the 
iMERA-Plus action of the European Metrology Research 
programme has been started at PTB which aims at the direct 
determination of the water absorbed dose rate in a near field 
geometry at a minimum distance of about 25 mm from the 
source central axis by use of a water calorimeter. Initial 
proofs of this principle have been shown recently [1,2]. 

II.   EXPERIMENTAL SET-UP 

A.   The 192Ir Source and Afterloader 

The 192Ir source used for the calorimetric experiments 
was a HDR-GammaMed 12i source with an initial activity 
of 370 GBq. The source has a diameter of 0.6 mm and a 
length of 3.5 mm and is contained in a stainless steel encap-
sulation of 1.1 mm outer diameter and 5 mm length. The 
encapsulation, again, is welded at the tip of a long stainless 
steel wire of also 1.1 mm outer diameter (figure 1). The 
wire can be moved through a teflon catheter to the desired 
irradiation position inside the water calorimeter with the aid 
of an afterloader. For the calorimetric measurements, a large 
number of reproducible source movements with the after-
loader were required. 

  
Fig. 1 Schematical drawing of the 192Ir source GammMed 12i 

The stability and the reproducibility of the afterloader 
drive  were investigated with the aid of a dummy source 
having the same dimensions as the radioactive 192Ir source 
and with the aid of photodiodes placed at certain positions 
along the teflon catheter. This way, the time needed for 
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moving the source into the calorimeter as well as the time 
the source stayed in front of the calorimetric detector was 
determined with a standard uncertainty of less then 0.1 s. 

B.   The Brachytherapy Water Calorimeter 

The design of the water calorimeter used for the meas-
urements with the 192Ir brachytherapy source is essentially 
the same as that of the  PTB’s primary standard water calo-
rimeter operated in 60Co radiation [3]. The calorimeter is also 
operated at a water temperature of 4°C and uses the same 
type of calorimetric detector, but some modifications have 
been made to ensure that the 192Ir source can be positioned in 
close geometry in front of the detector. With the aid of the 
afterloader, the source is moved through the teflon catheter 
into the calorimeter’s outer container and further into the 
water phantom of the calorimeter, where the teflon catheter 
is connected vertically to a stainless steel tube. The tube, 
which has an inner diameter of 1.35 mm and which is closed 
at one end to stop the movement of the source, can be fixed 
in vertical direction at a small distance from the parallel-
plate glass cylinder of the calorimetric detector with the aid 
of a mechanical frame made of Perspex (figure 2). The frame 
was adapted such that a nominal distance of 24.5 mm be-
tween the 192Ir source and the two thermistors of the calo-
rimetric detector could be realized both in front and behind 
the glass cylinder. A further fixation allowed a nominal 
distance of 48 mm in front of the cylinder only.  

  
Fig. 2 Picture of the calorimetric detector within its frame structure, also 
showing the additional bars to fix the stainless steel tube at both sides of 
the detector 

In principle, three different distances could be realized 
this way. However, as the thermistors were not mounted 
perfectly symmetrical inside the glass cylinder, small differ-
ences in the distance between the source and each thermis-
tor occurred.  The exact geometrical distances between the 
midpoint of the 192Ir source and the mid-point of each of the 
two thermistors were determined with the aid of an optical 
telescope. The midpoint of the source was assumed to coin-
cide with a marker located at the mid-axis of the stainless 
steel tube. This way, four individual distances between 

24.35 mm and 48.37 mm from the thermistors in the case of 
the front side position of the tube and two distances both of 
24.83 mm, for the back side position were determined. The 
standard uncertainty of the distance measurements were 
found to be less than 0.05 mm. The quoted uncertainty also 
covers the possible influence due to the thermal expansion 
of the materials between room temperature and the opera-
tional temperature of the water calorimeter.  

Between the single measurements with the calorimeter, the 
192Ir source stays within the temperature-stabilized outer 
container of the water calorimeter inside a massive lead block 
with the dimensions 10 cm × 10 cm × 20 cm. This lead block 
is actively cooled to a temperature of 4°C and ensures that the 
temperature of the source also remains near this temperature. 
Additionally, the radiation of the source is shielded from the 
calorimetric detector between the measurements.  

C.   Set-Up for the Radial Dose Rate Function 
Measurements 

The calorimeter set-up allows measurements to be per-
formed at a smallest distance of nominal 24.5 mm from the 
source. To determine the absorbed dose rate to water at the 
reference point at 10 mm distance from the source, it is 
necessary to perform relative measurements of the radial 
dose function. For this purpose, a similar PMMA holder for 
the stainless steel tube as shown in Fig. 2 was mounted into 
a motorized 3D water phantom (PTW MP3 phantom) for 
automatic dose distribution measurement. As detector, a 
two-channel plastic scintillator  system [4] with high spatial 
resolution was used. With this arrangement it was possible 
to measure the relative radial dose rate function perpendicu-
lar to the central source axis in the range from 8 mm to 50 
mm distance from the source. 

III.   MEASUREMENTS AND RESULTS 

A. Calorimetric Measurements 

The time evolution of the resistance of each thermistor of 
the detector was determined separately during the course of 
the calorimetric experiments with the aid of high-stability 
digital multimeters (Agilent 3588A). Two of these multime-
ters were used within a 1.5 V dc-powered voltage divider 
circuit for each thermistor, the thermistor being one part of 
the voltage divider and the second part being a precision 
pre-resistor of almost the same resistance value. For each 
irradiation, the measurement signals of the thermistors were 
analyzed with the common procedure of performing linear 
fits to the pre- and post-irradiation drift curves over certain 
time intervals and extrapolating the fits to the mid-run posi-
tion [3]. As an additional method, linear fits were applied to 
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the increasing part of the signal during the irradiation. The 
slope of these fits is directly proportional to the dose rate 
under the assumption that the background drift remains 
constant during the irradiation. For each of the three posi-
tions of the stainless steel tube in relation to the calorimetric 
detector, about 100 measurements were performed for each 
of the different irradiation times of 60 s, 90 s and 120 s, 
respectively. The huge amount of irradiations was per-
formed in order to reduce the possible influence of random 
changes of the source position within the stainless steel 
tube. The corresponding mean values were used for the 
determination of absorbed dose to water. The calorimeter 
was newly conditioned after each irradiation, i.e. a new 
measurement started after stirring the water in the phantom 
for 5 minutes and after waiting about 40 minutes to ensure 
that the slope of the pre-irradiation drift of the detector 
signal was close to zero.  

Figure 3 shows the measured resistance change during 
and after a 90 s irradiation at a depth of 24.45 mm. The 
shape of the post-irradiation drift curve is influenced by 
heat conduction effects, which occur mainly from two  
different sources. The first is due to the absorption of the 
radiation within the source and its encapsulation (“self-
heating”), and the second is given due to the steep dose  
 

 
Fig. 3 Measured resistance change (A) during and after a 90 s irradiation 
compared to the result of the heat conduction calculation (B). For the 
figure, the initial slope of the pre-irradiation drift was normalized to zero. 
The result of  the calculation was normalized to the experimental data with 
the aid of the slope of a linear fit to the measured resistance change during 
the 90 s irradiation 

gradient of the depth dose distribution in water. The influ-
ence of both effects on the determination of absorbed dose 
to water must be corrected for. The corresponding correc-
tion factors kC can be calculated by means of finite-element 

heat conduction calculations if the rate of the self-heating of 
the source and the depth dose distribution in water are 
known. Using a geometrical model of the source, together 
with its encapsulation, the rate of self-heating due to the 
absorption of photons and electrons was calculated by  
the Monte Carlo method to be 22.6 mW for an activity of 
the source of 370 GBq.   

The corresponding depth dose distribution was also ob-
tained with the aid of the Monte Carlo method, predicting, 
for example, a dose rate of 7.6 Gy/min at a water depth of 
10 mm. The statistical standard uncertainty for both calcula-
tions is about 1%. 

The results of the Monte Carlo calculations were used as 
input parameters for finite-element heat conduction calcula-
tions in order to determine the temperature distributions in the 
water phantom for the different irradiation conditions. It was 
assumed for the calculations that conduction was the only heat 
transfer mechanism to be considered. The finite-element mod-
els accounted for the 192Ir source, the stainless steel tube with a 
small air gap between the source and the inner wall of the 
tube, and the calorimetric detector. Figure 3 shows a compari-
son of the calculated temperature evolution with the experi-
mental data for a 90 s irradiation, proving a good agreement 
even for longer times after the end of the irradiation.  

The influence of the heat conduction effects on the 
measurement results were considered by applying correc-
tion factors kC, which were deduced from the heat conduc-
tion calculations. Depending on the measurement position, 
the irradiation time and the method of data analysis, the 
calculated kC factors varied between 0.978 and 1.082. All 
results of the calorimetric measurements at the nominal 
24.5 mm distances agreed within less than 0.6 % after the 
application of these kC factors, when the experimental data 
obtained at different measurement positions were normal-
ized to the same position with the aid of the calculated 
depth dose distribution. A standard uncertainty of 0.5 % 
was estimated for the heat conduction calculations, consid-
ering small variations in the finite-element models.  

In order for the water calorimeter to determine the cor-
rect rate of absorbed dose to water for the 192Ir source, the 
perturbation of the radiation field caused by the calorimetric 
detector itself and the stainless steel tube has to be consid-
ered. This was again done with the aid of Monte Carlo cal-
culations which resulted in a small correction of 0.5 % with 
an estimated standard uncertainty of 0.2 %. 

The measurements performed with the water calorimeter 
described in this paper and the consideration of the required 
corrections and influence quantities with their standard 
uncertainties leads to the conclusion that the calorimeter is 
adequate to determine the absorbed dose to water at a dis-
tance of 24.5 mm from the 192Ir source with a combined 
standard uncertainty of about 0.9 % (k=1).  
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B.   Determination of the Reference Air Kerma Rate 

The reference air kerma rate (RAKR) of the 192Ir source 
was determined in the PTB’s calibration facility for brachy-
therapy sources in a collimated beam geometry. For this 
purpose, the source was placed in the centre of a lead box 
on the central axis of the radiation field defined by a aper-
ture at the front side of the lead box. By means of a com-
mercial industrial robot, the secondary standard, an ioniza-
tion chamber of 1000 cm³ volume (LS-01), is positioned on 
the central axis of the beam with an uncertainty of less than 
0.1 mm at five distances r (from 0.80 m to 1.60 m) from the 
source. Due to the collimated beam geometry, the undesired 
scattered radiation component from the air – and thus the 
necessary correction – is kept below 1 %. After correction 
for the remaining scattering and attenuation in the air  
between the source and the secondary standard, the five 
measurement points are approximated by a 1/r² fit function, 
leading at the reference point r = 1.0 m to the value for the 
reference air kerma rate with a standard uncertainty  
of 0.9 %.  

C.   Determination of the Radial Dose Rate Function and           
the Dose Rate Constant Λ 

For the determination of the absorbed dose rate to water 
from the calorimeter measurements at a distance of 
24.5 mm, relative measurements with a plastic scintillator 
(PS) system were performed and supported by Monte Carlo 
calculations (EGSnrc) simulating the same geometrical 
conditions. As the response of the PS varies with increasing 
distance from the source due to the change of the spectral 
photon fluence of the 192Ir γ radiation, the MCCs were also 
used  to determine the mean photon energy at different 
depths of water and to correct the energy response of the PS 
detector. Data for the energy response of the plastic scintil-
lator used were taken from the literature [5]. With this data, 
the ratio between the absorbed dose to water at 10 mm dis-
tance to the value at 24.5 mm distance was determined to be 
5.88 by measurements with the plastic scintillator system 
and 5.89 by Monte Carlo calculations. The standard uncer-
tainty of the measurements was 1.2 %. With the extrapola-
tion of the  calorimetric results at 10 mm distance and the 
measured reference air kerma rate, the experimental dose 
rate constant Λ was determined tobe :  

410118.1 ⋅=Λ . 

The combined standard uncertainty of Λ amounts to 
1.8 % (k=1). The numerical value for Λ is exactly the same 
as for the MC calculated value given in the literature for the 
same source type [6]. 

IV.   CONCLUSIONS 

This work presents, for the first, time the experimental 
determination of the dose rate constant for an HDR 192Ir 
brachytherapy source with primary standards both for the 
absorbed dose rate to water and the reference air kerma rate,  
and a well-justified expanded measurement uncertainty of 
3.6% (k=2). This uncertainty still contains components 
which arise from possible influences of, e.g., the anisotropy 
of the source, the energy dependence of response of the PS-
detector system, or imaginable convective motion of the 
water in the calorimeter near the source. For further reduc-
tion of the uncertainty, additional measurements with other 
types of 192Ir sources and further investigations on possible 
influence quantities for the calorimetric determination of 

wD  are planned for the future. 
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Abstract In 2008, the first IMRT (intensity modulated
radio therapy) dosimetry intercomparison of the SGSMP
(Swiss Society of Radiobiology and Medical Physics) using a
thorax phantom has been carried out. It was the aim to check
the ability of the calculation algorithms used in practice to take
into account inhomogeneities. Additionally, the feasibility of
the selected procedure had to be tested. All 23 institutions
performing radio-oncology in Switzerland participated in the
intercomparison. Thereby 30 plan-measurement combinations
have been used. The intercomparison results are presented
here grouped by the applied calculation algorithms. Following
Knöös et al. [1] and Fogliata-Cozzi et al. [2], the algorithms
have been additionally classified

account the three dimensional density distribution and are
able to treat the electron transport in an approximate way as
well as the secondary photon transport. TLD (thermo lumines-
cence dosimeter) and ionisation chamber measurements

agreement between calculations and measurements. But there
are still differences within the two groups of algorithms. The
results demonstrate that the performed intercomparison is
feasible and suggests that cancer patients in Switzerland get a
suitable radiation therapy in any of the centers offering this
treatment modality.

Keywords dosimetry intercomparison, IMRT, thorax
phantom, inhomogeneity, Switzerland, TLD,
ionisation chamber.

I INTRODUCTION

An audit performed by an independent external body is a
fundamental step in any dosimetry quality assurance
program. [3]. The audits made available by the ESTRO
(European Society for Therapeutic Radiology and
Oncology), the RPC (Radiological Physics Center) and
other institutions comprise on one side basic tests of the
machine calibration but, on the other hand, check a wide
section of the therapy process [4].

An issue often discussed is the ability of the planning
systems to take into account inhomogeneities, especially in
the thorax region. For IMRT (intensity modulated radiation

therapy), dose calculation problems can be enhanced due to
partly very small field segments.

So a national intercomparison considering this problem is
appropriate to check the ability of the calculation algorithms
used in the own clinic and to raise a discussion which helps
to sensitize the participants to this topic. Consequently, it
has been decided to perform a national intercomparison in
Switzerland dealing with IMRT in the thorax region. The
intercomparison has been organized by the team of the
Cantonal Hospital of St.Gallen which is responsible for the
dosimetric intercomparisons performed in Switzerland since
2001.

II MATERIALS AND METHODS

A. General

For the IMRT intercomparison of the SGSMP (Swiss
Society of Radiobiology and Medical Physics), the thorax
phantom 002LFC (CIRS Inc.) has been used (Figure 1). A
standard slice has been modified with drillings to
accommodate the TLDs (thermo luminescence dosimeter).
The CT (computer tomography) scan has been carried out
by the institutions themselves. The applied CT dose has
been measured with additional TLDs, attached to the
phantom surface. TLD-100 discs (4.5 mm Ø x 0.9 mm;
Harshaw Inc.) and a TLD reader model
Inc.) have been used. The tempering procedure has been
done in a PTW-TLDO oven (PTW Freiburg). Reference
irradiations were performed using
unit (AECL of Canada).

B. Pilot study

Ahead of the IMRT dosimetry intercomparison, a pilot
study with six participants has been conducted in order to
test the reliability of the film and the TLD dosimetry in the
phantom environment. Additionally, the following items
had to be checked: Clearness of the instructions, measure-
ment arrangement, evaluation technique and reasons for
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miss-irradiations. The irradiation has been done with a
single field (dose to the isocentre: 1.80 Gy, energy: 6X,
gantry angle: 90°; field size: 10 cm x 20 cm). The
measurement planes (films and TLDs) have been shifted
4.8 cm off axis from the isocentre. 24 TLD measurement
points, each containing 5 TLD discs, have been distributed
within the measurement plane (see figure 1, left side). The
institutions used their own films and carried out the
calibration, the development and the scanning process.

Fig. 1 Standard slices with drillings accommodating TLDs. Left: Used for
the pilot study. Right: Used for the IMRT intercomparison

Die TPR20,10 values of the applied 6X beams are within
1 % (0.671 ± 0.005). Therefore, for each position conside-
red the mean TLD measurement value of all six institutions
has been compared with the Monte Carlo (MC) calcu-
lations, which have been done for a 2300 CD linac (Varian)

in the the
Swiss Monte Carlo Plan environment. [5]

C. IMRT dosimetry intercomparison

The institutions carried out the ionisation chamber
measurement with their own equipment. EDR2 films
(Eastman Kodak Co.) have

Vidar Systems Corporation) by the physics team in
St.Gallen. Additionally, a calibration film from the same
batch was generated in St.Gallen.

All 23 institutions irradiating patients in Switzerland
participated between July 2008 and February 2009. 24
machines have been tested. It has been suggested applying
an IMRT technique, but other techniques were also
accepted. Some institutions carried out the calculation with
two different calculation algorithms (5) or participated
twice in the intercomparison by applying different machines
(1) or irradiation techniques (1). Altogether 30 plan-
measurement combinations have been evaluated, which will
be treated as independent in this study. Due to differing
technical situations, some parameters were evaluated in less
than 30 combinations (Table 2).

Absolute dosimetry with TLDs: A special slice (length:
6.3 cm) contains a cubic cavity in the "sternum" (see figure
2, right side) s can be

placed in the cavity so that the depth of the TLDs is 10 cm.
By applying a 10 cm square field (gantry angle: 0°, source
to surface distance: 90 cm), the irradiation condition is
comparable to a basic single field irradiation under standard
conditions in water.

Fig. 2 Left: CIRS Thorax phantom with Perspex structure slices. Right:

The institutions have calculated the dose Ds,P to the TLDs
in the phantom with the same algorithm as used for the
treatment plan. Additionally, they have stated the dose
under standard conditions in water, Ds,W, when applying the
same number of monitor units. Ahead of the intercom-
parison, conversion factors kP W have been determined by
measurements in St.Gallen. They allow to calculate the dose
under standard conditions in water, Dm,W, given the dose in
the phantom under approximated standard conditions, Dm,P:
Dm,W = kP W x Dm,P. For 6X, the conversion factor is 1.01.
Thus, Dm,W/Ds,W is a measure for the dose calibration of the
machine and should be unity. (Dm,P/Ds,P) does include the
systematic errors which already arise in a homogeneous part
of the phantom. Consequently, (Dm,P/Ds,P)-1 allows
correcting the TLD measurements of the plan irradiation for
systematic errors, originating from the planning process, the
TLD measurement or the machine calibration.

Absolute dosimetry with an ionisation chamber, done by
the institutions: Slice 01 accommodates adapters for
ionisation chamber measurements at different positions (see
figure 1, right side: Pos1 to Pos4). Analogous to the TLD
measurements, conversion factors are available to calculate
the dose expected in water under standard conditions. For
6X, the factor is 1.00. The same quantities can be checked
as stated for the TLD measurements. This allows cross
checking the TLD to the ionisation chamber measurements.

Contouring and calculation of the IMRT plan: Two
identical Perspex slices form the longitudinal phantom ends
(see figure 2, left side). They contain shapes needed for the
contouring. All structures required for planning are placed
symmetrically around the measurement plane. The planning
target volume (PTV) and the heart are 8 cm long, the other
structures cover the entire phantom length. Hence, it can be
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expected that dose gradients in the longitudinal direction do
not seriously affect the measurement accuracy. The
transversal PTV area is about 70 cm2. It covers parts of the
left lung and parts of normal tissue (each containing 11
TLD measurement positions). Thus, the calculation
algorithm can be reliably tested in both kinds of tissue.
Other positions for TLDs outside the PTV are grouped in
the right lung, the left lung (8 each), the spinal cord, and the
heart (5 each). Additional 6 TLD positions are distributed
outside these structures. Each TLD measurement point
consists of 2 TLD discs. The large number of absolute
dosimeters allows a statistical analysis of the calculation
accuracy in different parts of the phantom.

To avoid effects of air gaps between slices, the
measurement planes are placed 5.0 cm off axis to the field
isocentre.

The plan had to fulfill the following constraints: a) PTV:
prescribed median Dose = 2.00 Gy. b) Spinal cord: < 75 %
of the prescribed dose. c) Both lungs outside PTV: < 20 %
of the lungs receive > 35 % of the prescribed dose. d) Heart:
< 55 % of the prescribed dose.

Application of the IMRT plan and evaluation: Calcula-
tions have shown that the absorption properties of the
phantom are invariant within 1 % in the longitudinal
direction. So, measurements have been conducted in the
same plane relative to the isocentre with TLDs, film and
ionisation chambers, but in different slices of the phantom.
This allows cross checking the measurements done in the
same points relative to the isocentre.

For the evaluation, the algorithms used by the institutions
, 2]:

approximate way as well as the secondary photon transport
in the medium, accounting for density changes, sampled
along the full three dimensions. Type a algorithms are 1D
and primarily based on equivalent path length for
inhomogeneity correction.

III RESULTS

A. Pilot study

Apart from the measurement done close to the field
edges, in the normal tissue, the Monte-Carlo calculations
agreed with the TLD measurements on average better than
0.9 % ± 0.6 % (lung: 1.1 % ± 1.2 %). These values are in
the same range as the measurement uncertainty of 0.6 % -
0.9 % observed in previous dosimetry intercomparisons in a
water tank. Another important conclusion of the pilot study
was that the film dosimetry procedure proved to be error
prone and thus was changed for the IMRT intercomparison.

B. IMRT dosimetry intercomparison

The majority of institutions has fulfilled the dose
constrains without difficulty. For this evaluation, the
ionisation chamber and TLD measurements are not
corrected for systematic errors.

Check of the absolute dosimetry with TLDs and ion
chamber: Table 1 shows the mean ratios of the measured to
the stated dose in the normal phantom tissue, Dm,P/Ds,P.
Dm,W/Ds,W describes the machine calibration. For this
situation, no parameter shows a significant difference

(11 evaluations) (17
evaluations) algorithms. The Dm,P/Ds,P values for the TLD
measurements are slightly higher than the ionisation
chamber measurements. Different reasons can be con-
sidered: The angular orientation of the TLD disc and the
phantom environment differs from the calibration
conditions in water which can influence the TLD
sensitivity. Further measurements are scheduled on this
topic. 16 from 28 TLD correction factors for systematic
errors (57 %) are within 1.00 ± 0.01. The mean value is
1.005 ± 0.015, the mean absolute deviation from unity is
0.012 ± 0.010. The check of the machine calibration shows
good results for both ion chamber and TLD measurements.

Table 1 R (28 evaluations)

Dm,P/Ds,P Dm,W/Ds,W

ion. chamber TLD ion. chamber TLD

0.996 ± 0.006 1.012 ± 0.016 1.005 ± 0.006 1.000 ± 0.014

b 0.987 ± 0.010 1.001 ± 0.013 1.008 ± 0.012 1.004 ± 0.014

all 0.990 ± 0.010 1.005 ± 0.015 1.007 ± 0.010 1.002 ± 0.014

TLD and ionisation chamber measurements at other
positions: The results of the TLD and ionisation chamber
measurements are presented in table 2.

A measure for the accuracy of the applied inhomogeneity
correction algorithms, independent from systematic
deviations, is the difference between the mean values of
(Dm-Ds)/Dstated in the lung tissue and normal tissue within
the PTV. The column Pos2 - Pos1 parameter

L - N
measurements. Mann-Whitney-tests for both measurement
equipments prove unambiguou

the lung region (p<0.001). Since the TLD measurements
take into account 11 measurement points, those figures are
not directly comparable.
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Table 2 Results of the plan measurements for 30 evaluations: mean ionisation chamber and TLD measurements

Regarding all TLD measurement groups, the mean
absolute difference between the TLD measured and stated
doses, related to the prescribed dose, is 3.0 ± 2.7 % for the

1.9 ± 1.9
regions outside the lungs, the figures are 2.2 ± 2.0 % and
1.9 ± 1.8 %.
homogeneous rithms.
The mean stated doses for the right lung, normal tissue,
heart, spinal cord and left lung structures are: 0.79, 0.93,
0.77, 1.18 and 1.06 Gy.

IV DISCUSSION

Due to the limited number of participants, it is not
possible to issue reliable statements on the properties of the
applied calculation algorithms. Nevertheless, there are some

take
inhom
algorithms. Some t over
5 % in the PTV lung region, but there are still differences
within d s. The same
observation can be seen in the right and left lung outside the
PTV.
general good calculation results. This finding coincides with
other statements [1, 2].

V CONCLUSION

The intercomparison procedure has turned out to be
feasible and yields convincing results. Although the effort
for the participants is comparatively large, the feedback was

mainly positive. In the future, the IMRT intercomparison
will be repeated regularly with modified objectives.

The results of the intercomparison exceed the
expectations. They suggest that cancer patients in
Switzerland get a suitable radiation therapy in any of the
centers offering this treatment modality.
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a

Eclipse PBC 7 2 -1.8 ± 1.2 -3.3 ± 2.8 -1.5 ± 2.3 -1.4 -5.4 -4.0 -1.7 -0.7 -0.3 -0.8 -2.3

KonRad PB 1 -2.3 -10.7 -8.5 -0.4 -8.7 -8.3 -4.7 -2.4 -1.4 -3.5 -2.3
PrecisePlan integr. alg. 1 0.0 -6.5 -6.6 -0.5 -4.9 -4.5 -4.5 -3.3 -1.5 -0.4 1.7

Eclipse PBC eTAR 1 0.5 -2.3 -2.7 0.5 -3.8 -4.3 1.2 -1.5 1.0 1.6 0.4

mean type a -1.5 ± 1.3 -4.2 ± 3.3 -2.7 ± 3.0 -1.1 -5.5 -4.4 -1.9 -1.1 -0.4 -0.8 -1.7

ty
pe

b

Pinnacle CCC 2 4 0.4 ± 0.9 0.2 ± 0.8 -0.1 ± 0.4 0.8 -0.5 -1.3 0.8 0.1 0.7 0.5 -0.2

Eclipse AAA 4 1 -1.8 ± 0.9 -1.0 ± 1.3 0.7 ± 0.9 -1.5 -1.5 0.0 -0.9 -0.5 -0.5 -0.4 -1.4

MasterPlan CCC 3 1 0.2 ± 0.9 1.6 ± 3.6 1.4 ± 3.1 1.8 2.1 0.2 0.0 1.2 0.7 0.4 1.5

XiO-MSC 2 -2.2 ± 0.7 0.0 ± 1.4 2.2 ± 0.8 0.0 -0.2 -0.1 1.1 0.4 -0.6 -1.7 2.9
Tomotherapy CS 1 - - - -1.3 -4.2 -2.9 0.8 -1.2 -0.6 0.4 -0.7

-0.7 ± 1.4 -0.2 ± 2.3 0.8 ± 1.8 0.1 -0.4 -0.5 0.2 0.2 0.2 0.0 0.1
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Calibration of 125I brachytherapy sources in terms of reference air kerma rate

H.-J. Selbach

Physikalisch-Technische Bundesanstalt, Braunschweig, Germany

Abstract— Since 2008 the Physikalisch-Technische
Bundesanstalt (PTB) has, as the second National Primary
Laboratory in the world and the first in Europe, been offer-
ing the calibration of 125I-brachytherapy sources (so-called
prostate seeds) in terms of the quantity reference air kerma
rate (RAKR). The primary standard used, a large air-filled
parallel-plate extrapolation chamber with thin graphite front
and back electrodes is presented, and the calibration proc-
ess, including anisotropy and spectral photon distribution
measurements are described. An uncertainty budget for the
calibration, dependent on the properties of the source to be
measured, is given.

Keywords— brachytherapy, 125I source, reference air kerma
rate, primary standard, calibration

 I. INTRODUCTION

Within the past one or two decades, radioactive 125I and
103Pd seed implantation has become an increasingly popular
treatment for prostate cancer [1]. The correct determination
of the air kerma rate produced by these radioactive seeds is
the basis for the treatment process. The ICRU has recom-
mended the use of the reference air kerma rate [2] for the
calibration of photon-emitting sources for brachytherapy,
which is defined as the air kerma rate due to photons of
energy greater than λ at a point located at a distance of one
meter from the source centre, in vacuum. The quantity rec-
ommended by the American Association of Physicists in
Medicine (AAPM) is the air kerma strength SK [3] quantity.
Due to the low air kerma rate of these low-energy photon
brachytherapy sources, common primary standards cannot
be used for the calibration of 125I brachytherapy sources.
The National Institute of Standards and Technology (NIST)
was the first Institute to develop a special primary standard
for the reference air kerma rate, the so-called Wide-Angle-
Free-Air Chamber (WAFAC) [4], which, due to its large
measuring volume, was able to determine the reference air
kerma rate of low-energy photon sources.

Since 2008, after a development period of some years,
the Physikalisch-Technische Bundesanstalt (PTB) has also
been offering calibrations of 125I prostate seeds in terms of
reference air kerma rate. The PTB primary standard for low-
energy photon brachytherapy sources is realized by a large

volume extrapolation chamber (GROVEX) [5]. Fig 2 shows
a photograph of PTB’s primary standard for 125I sources.

 II. PRINCIPLE OF THE PRIMARY STANDARD

The measurement principle of the primary standard
(GROVEX) used for the calibration of 125I is based on the
fact that the air kerma rate at a given point is proportional to
the increment of ionization per increment of chamber vol-
ume at chamber depths greater than the range of secondary
electrons originating from the electrode. Figure 1 illustrates
the principles of the GROVEX measurement system. The
source is located in a small aluminium cylinder of 0,1 mm
wall thickness on the tip of a PMMA rod. The thin alumin-
ium tube removes the contaminant titanium K-fluorescence
radiation produced in the source encapsulation. Rotating the
source during the measurement accounts for any non-
uniformities in the radiation field perpendicular to the
source axis. A 5 mm thick lead shutter is inserted to allow
background and leakage measurements with the source in
place. A lead collimator limits the radiation field to exclude
scatter radiation from the side walls. However, the beam is
kept large enough to exceed the diameter of the collecting
volume by at least one range of the most energetic electrons
produced, and small enough to exclude scatter radiation
from the side walls. A "front" window of graphite diffused
onto polyethylene, biased at potential U, acts as the polar-
izing electrode and also serves as the reference plane for the
measurement. The "back" window (at ground potential) is
composed of a centre collecting electrode and an outer
guard ring, both consisting of graphite diffused onto poly-

Fig. 1: Schematic view of the GROVEX measurement system
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ethylene. The collecting electrode has a nominal diameter of
100 mm.

The reference point for determining the reference air
kerma rate is taken at the centre of the "front" polarizing
electrode, which is located at a distance of 30 cm from the
source. A uniform electric field in the collecting volume is
provided by 40 guard rings distributed over 20 cm, coupled
to a voltage divider which is supplied with a voltage of
3000 V, generating an electric field strength of 15 V/mm.
For different electrode separations the polarizing potential
at the front electrode is adjusted to the voltage of the adja-
cent potential ring, thus giving a constant field strength of
15 V/mm and parallel electric field lines over the complete
extrapolation range up to 20 cm of electrode spacing.

The reference air kerma rate is given by:

                 ( )
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where (W/e)air is the mean energy required to produce an ion
pair in air, ρ is the density of air at 20 °C and 1013,25 hPa.
Aeff is the effective area of the measuring electrode, gair is
the fraction of energy lost by bremstrahlung production in
air, which is negligible for photon energies < 50 keV,
d(k0I)/ds is the increment of corrected ionization current per
increment of the chamber volume, and ki are corrections to
the measured currents.

Fig. 2: The GROVEX measurement system

 III. CORRECTION FACTORS AND UNCERTAINTY OF THE
CALIBRATION

 A number of correction factors have to be applied to the
extrapolation measurements, as indicated in equation (1).
The correction factor k0 includes the corrections for air den-
sity, humidity, incomplete ion collection and radioactive
decay as well as corrections for background and leakage

current. i
i

kΠ  is the product of all other corrections which

are independent of the electrode spacing s (see Table 2 for
the remaining factors). Some of the corrections have been
determined experimentally and others by Monte Carlo Cal-
culations (MCC), or by both methods. As most of the cor-
rection factors are energy dependent, it is necessary to de-
termine the spectral photon fluence distribution of the 125I
source type which has to be calibrated. The spectrum is
measured by means of a high-purity germanium spec-
trometer. Samples of measured pulse height spectra for two
geometrically identical 125I seeds, but with different content
of silver are shown in Fig. 3
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Fig. 3: Pulse-height spectrum of the spectral photon fluence distribution of
two 125I seeds (Bebig S06 and S17 type) with high (S17) and low (S06)

content of Ag fluorescence radiation.

The peak content of the silver fluorescence radiation is
less than 2 % for the S06 type and in the order of 20 % for
the iodine seed of the S17 type. Correction factors which
depend on the spectral distribution are therefore determined
for the pure 125I and 103Pd spectra and for spectra with
Ag fluorescence contaminants between 5 % and 50 %.

Table 1: List of the components of the uncertainty for the PTB
GROVEX. The combined uncertainty is the square root of the quadratic

sum of all the component uncertainties

Reason of the uncertainty u
in %

index
in %

Ionization current measurement (reproducibility) 0,5 32,6
Electrode separation 0,06 0,4
Air density and humidity 0,05 0,3
Electrode area 0,5 33,0
Source-to-measurement point distance 0,035 0,2
Incomplete ion collection 0,03 0,1
Attenuation in the Al-filter 0,5 27,8
Attenuation in the entrance window 0,12 1,7
Attenuation and scatter between source and
entrance window 0,12 1,7
Attenuation and scatter in the chamber volume 0,12 1,7
Source holder 0,06 0,4

combined uncertainty (k=1) 0,9

Uncertainty U(k=2) 1,8
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The uncertainty for a calibration of an 125I seed by means
of the GROVEX system is determined according to the
“Guide to the Expression of Uncertainty in Measurement”
(GUM) [6]. As can be seen from Table 1, it is dominated by
the area of the measurement electrode, the reproducibility
ofthe slope, d(k0 I)/ds of the extrapolation curve and the
attenuation in the Al filter. The latter is due to the uncer-
tainty of the filter thickness and cannot be easily reduced.
The reproducibility of the ionization current measurement
depends mainly on the activity of the source and can be
significantly reduced by using sources with an activity
higher than commonly used for therapy. However, the over-
all uncertainty of 1,8% (k=2) as shown in Table 2, is con-
sidered to be sufficient in all cases.

 IV. ANISOTROPY

In addition to the calibration in terms of the reference air
kerma rate or air kerma strength, the three dimensional dose
rate distribution is of special importance for the therapy
planning system. In the AAPM protocol TG 43 [4] this is
accounted for by introducing the radial dose function and an
additional anisotropy function. Both functions are expected
to be type-specific and do not have significant variations
from one specimen to another. However, experimental
measurements show [7] that this is often not the case. The
calibration process at PTB therefore contains additional
measurements of the dose rate distribution in two geome-
tries: a) measurements of the radial anisotropy perpendicu-
lar to the source axis, and b) the polar anisotropy around the
source in a plane parallel to the central axis of the source.

The anisotropy measurements are performed by a high-
sensitive scintillation detector system at a distance of 1 m
from the source while rotating the source around its central
axis and perpendicular to this axis, in discrete steps of 10°
to 15°, respectively, with an angular resolution better than
2,5°. The results of these measurements are also stated in
the calibration certificate to provide the customer with more
information on the specific source than is available from
data found in the literature.

Examples of the radial and polar dose rate distribution of
a 125I of type BEBIG S06 are shown in Fig 4 and Fig.5. As
can be seen, the radial anisotropy of this source is in the
order of  ± 3 % with respect to the mean value. As the
source is rotated around the central axis during calibration,
as described in chapter II, this mean value corresponds to
the reference air kerma rate determined during calibration.

Fig 5 shows the polar anisotropy of the same source
normalized to the maximum value (at 270°). The differ-
ences between 270° and 90° are due to the radial anisotropy;
the dips at 0° and 180° are caused by the welded caps on
both ends of the source. The blue line in Fig. 5 represents

the data which can be found in the literature for the anisot-
ropy function at 1 cm distance from the source in water [8].
Although these data cannot be directly compared to the
anisotropy measured in free air at 1 m distance (red line),
the measured values could be helpful for the decision as to
whether the variations in dose rate of a specific source are
acceptable or not.
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Fig. 4: Radial anisotropy of a BEBIB S06 source

0,2

0,4

0,6

0,8

1,0

0

30

60

90

120

150

180

210

240

270

300

330

0,2

0,4

0,6

0,8

1,0

source

re
la

tiv
e 

re
ad

in
g 

(n
or

m
al

iz
ed

 to
 m

ax
im

um
 v

al
ue

)

Fig. 5: Polar anisotropy of a BEBIB S06 source

 V. CONCLUSIONS

The PTB GROVEX system described here is the first
primary standard in Europe and the second in the world for
the calibration of low-energy, low-dose rate brachytherapy
sources such as 125I and 103Pd seeds in terms of the quantity
reference air kerma rate. Since 2008, PTB has officially
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been offering those calibrations with a combined uncer-
tainty as low as 1,8 % (k=2), depending on the activity of
the source, which has proved to be practically the same
uncertainty as that claimed by the NIST for their seed cali-
bration with the wide-angle-free-air chamber (WAFAC). As
experiments have given rise to the assumption, that the three
dimensional dose rate distributions of the iodine and palla-
dium seeds are not source-type specific but vary from one
source to another, PTB now performs additional radial and
polar anisotropy measurements and states the results also in
the calibration certificate.
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Abstract—It is possible to find the optimized radiation dose 
per session for a radiotherapy (RT) treatment, using a popula-
tion dynamics model. This has already been done in a previous 
work for a protocol with 30 sessions and a fixed dose per ses-
sion. Extending this model to other protocols, with a variable 
number of sessions, we could change the radiation dosage 
while keeping the success probability of treatment at its maxi-
mum value. This could help the RT oncology service managers 
to plan the sequence of patients and treatments adapting it to 
the facilities of the oncology service. Besides, if tumor sur-
rounding tissue is not able to afford a high dosage, it could be 
useful to extend the treatment to a higher number of low dose 
radiation sessions, keeping an optimal treatment. 

Keywords—Radiation Oncology, Mathematical Model, 
Simulation. 

I. INTRODUCTION 

There is an increasing concern about finding the suitable 
planning that maximizes the outcome of a radiotherapy 
(RT) treatment [1]. Even when prescribed dose can be ap-
plied in the programmed time [2], there are factors like the 
equipment technical maintenance stops that need to be con-
sidered [3]. On the other hand, waiting times have been 
shown to be a major problem in the achievement of high 
treatment efficiency [4, 5]. A tool to optimize the radiother-
apy resources could be helpful to reduce the waiting times 
keeping therapy outcomes constant.  

Recently, a mathematical model has been proposed to 
evaluate the efficiency of radiotherapy as a function of the 
dose and the tumor characteristics [6]. Although that model 
involves some parameters whose values are not precisely 
determined, it gives qualitative results in good agreement 
with clinical practice. Looking for an applicable although 
general method, RT treatment is modeled making the sim-
plest possible assumptions. The existence of an optimum 
dosage which maximizes the treatment results was found 
there.  

In the present work we show how this optimum dosage 
can be adapted to other protocols with a different number  
 

of sessions, while keeping the optimal probability of the 
“6 weeks, 5 sessions per week” reference protocol. This 
could be useful to oncology services to plan the RT treat-
ments without decreasing treatment performance. With 
this the oncologists could adjust radiation dosage in order 
to minimize the damage being caused to the surrounding 
tissue. 

II. MATERIAL AND METHODS 

A. Model 

We will use a Lotka-Volterra like model to describe the 
tumor evolution grounded on some assumptions. Tumor 
cells growth X  (as usual, a dot over a quantity represents 
its time derivative) depends on the current tumor population 
as aX  and its mass-law interaction with lymphocytes, 

bX− . Lymphocyte population grows due to tumor-immune 
system interaction, dXY , and contribution to exponential 
decay, fY− , due to natural cell death. The tumor is as-
sumed to secrete interleukin which produces an immunity 
depression effect [7, 8], proportional to the number of cells 
in the tumor, kX− . In this model a constant flow, u , of 
lymphocytes arrives from the immune system.  

So, we model tumor-immune system interaction using 
the already known equations [9]: 

ukXfYdXYY

bXYaXX

+−−=

−=
 (1) 

Radiotherapy treatments are included in this equation using 
the LQ Model [10] for each radiation session. This brings a 
transformation of system (1) including a new equation for 
the tumor non clonogenic cells originated from radiation 
damage: 
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where ∑ −= )(,)(, nTtltBTltB δ  represent the amount of 

tumor cells and lymphocytes affected by radiation per  
unit time. nT  are the time instants when radiation dose is 
applied and )( nTt −δ  denotes Dirac’s delta function cen-
tered at nT . 

A dimensionless system can be easily obtained taking 
act /1=  (in absence of external influences) as the unit of 

time, ctt /=τ , daxX /= , bayY /=  and dazZ /= : 
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where )(τγ l , )(τγ t  represent the dimensionless amount of 
lymphocytes and tumor cells affected by radiation per di-
mensionless unit time and, dp /=ε , af /=λ , 

adkb /=κ , 2/ aub=σ , dra /=ρ   and dbqa /2=η . All 
the parameters can be estimated and interpreted as described 
in [11].  

The parameter space analysis exhibits regions with  
different behaviors for the tumor and immune system inter-
action [6, 9]. The most relevant parameters are λσ / , inter-
preted here as the efficiency of immune system over tumor 
growth, and κ , as the deficiency of immune system due to 
tumor growth. The appropriate region for radiotherapy treat-
ments is that where 1/ << κλσ . In it, although the tumor 
grows exponentially, the immunity depression effects are  
moderate, so that patients maintain a good Karnofsky per-
formance scale index [12] and fulfill those physical re-
quirements to be subjects to treatment. 

B. Treatment Optimization 

A reference protocol was mimicked in [6] while coeffi-
cients entering (3) were varied at random among admissible 
values [11]. The simulation, then, covers a wide range of 
tumors and supply general results useful to clinical practice. 
One million of “virtual patients” under treatment were 
simulated. Defining the probability of treatment success 
( sP ) as the fraction of “virtual patients” with no tumor at 
the end of treatment, it could be represented as a function of 
the tissue effect of the LQ Model ),( βαE  (see [10]), and 
the Immune System Tumor Efficiency Rate [6], ISTER , 
defined  as λσ /=ISTER .  

As shown in [6], to each value of ISTER  and E it corre-
sponds a single value sP . This means that the long term 

survival of patients will not improve with higher doses of 
radiation, on the contrary, it is possible to get the maximum 
success probability for our reference protocol at doses be-
tween 2 or 3 Gy [6]. Our model got that higher doses do not 
improve therapy outcomes. 

C. Simulation 

In this work, our simulation is basically the same as in 
[6] but differs in the fact that the number of sessions is  
not fixed. We mimic different radiation treatments with Eqs. 
(3) to simulate tumor evolution. To follow radiotherapy 
treatment in a realistic way, we apply a reference protocol 
with weekend interruptions. Furthermore, the protocols  
had variable length i.e., are not restricted to 6 weeks. Each 
virtual patient is simulated with a variable number of  
sessions ( N ), from 15 to 40, beginning on the 10th day  
[1, 13]. 

To reproduce tumor evolution resembling a clinical case, 
one needs to calculate the correct values of the coefficients 
appearing in Eqs. (2). Numerical estimation of these coeffi-
cients was already made in [11] (and also in [15] for a 
slightly different model), based on clinically available data, 
showing a possible procedure for clinical professionals to 
estimate these values.  

A statistical study of the dependence of treatment success 
on the dosage and number of radiation sessions has been 
performed. Due to the wide range of possible parameter 
values in Eqs. (3), their values have been drawn randomly 
from a log-normal distribution, to avoid negative values, but 
keeping the immune system efficiency ( λσ / ) always 
smaller than one. The amount of cells affected by radiation, 
including lymphocytes and tumor cells, or the equivalent 
survival factors [10, 16], was taken as random values as in 
[6]. As initial conditions we assumed, for simplicity, the 
number of tumor cells is higher than the number of lympho-
cytes and both populations are distributed as normal random 
numbers. One million of virtual patients was generated 
taking different parameter values in Eqs. (3) and a fourth 
order Runge-Kutta method [14] was used to integrate the 
equations. 

III. RESULTS AND DISCUSION 

The treatment success probability, sP , was calculated as 
a function of ISTER , N  and E . 

),,G( ENISTERPs =                          (4) 
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Fig. 1 sP  representation for 7.0=ISTER  as a function of tissue effect and 

number of radiation sessions. Closer to black means lower, yellow means 
closer to 0.7 

As expected, for each value of N  we obtained similar 
results as those reported in [6]. Furthermore, when a fixed 
value of the ISTER  is taken, the surface represented in 
figure 1 is obtained. This shows that whenever the value of 
N  increases, the optimized value of sP  can be obtained 
with a lower value of E  per session. This allows us to find 
the exact values of E  that optimize sP , for each value of 
N , as represented in figure 2.  

 
Fig. 2 Tissue effect per session that maximize the success probability sP  

for each value of N . 7.0=ISTER  

For a tumor with known values of α  and β  it is easy to 
find the amount of physical radiation per session ( d ) 
matching some E  value and hence the corresponding total 

amount of physical radiation D . To find the right combina-
tion of N  and E , the surrounding tissue properties facing 
radiation damage must be taken into account [10]. 

To illustrate the relevance of these results, let us consider 
an hypothetic patient with 7.0/ =λσ and a tumor with 

11.0 −= Gyα  and Gy1/ =βα . Applying the 2Gy regular 
treatment dosage, each session has a tissue effect of 

6.0=E . With this value of E , the treatment reaches its 
maximum success probability after 26 sessions. Subsequent 
sessions do not contribute to a better healing.  

On the other hand, if under the same conditions, 
Gy5/ =βα , the optimal treatment involves 3.3Gy per 

session. If an oncologist wishes to radiate less than 3Gy per 
session, while keeping the optimal treatment, the treatment 
must be extended, at least, until the 36th session. 

IV. CONCLUSIONS  

The present work presents a generalization of [6] to a sce-
nario with a non standard number of sessions. The simula-
tion allows us to find the corresponding tissue effect per 
radiation session providing the maximum value of the suc-
cess probability. If, for instance, due to casual interruptions 
the RT machine could not be available for some time, our 
results could guide the radiotherapists to design a parallel 
treatment as efficient as that initially recommended for 
patients and adapted to the available time window. 

Nonetheless, the reported results are not a definitive an-
swer for the RT planning, since the surrounding tissue has 
not been taken into account here. If the surrounding tissue 
could not afford a high radiation amount per session, it 
could be also helpful to find an alternative treatment involv-
ing lower dosage whereas keeping the optimized success 
probability. The oncologist must then evaluate if a lower 
number of higher doses or higher number of lower doses 
would be less aggressive to the surrounding tissue and 
choose the appropriate one. Our results would help to im-
prove the clinical results by assessing the amounts of radia-
tion with better success probability. 
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Abstract—Contemporary radiation therapy dose delivery 
methods like e.g. IMRT and RapidArc needs high-accurate 
quality assurance dose detection methods. For this purpose 
GafChromic EBT film is available. No developing process is 
required like for radiographic film, while the read out of the 
EBT films can be performed with cheap flatbed scanners. 
However, before clinical use the film – flatbed scanner (Epson 
1680 Expression Pro as well as Epson 10000XL) combination 
should be tested on their characteristics and achievable overall 
dosimetric accuracy. Hereto comparison measurements in 
water with ionization chamber, diode (array) and EBT film 
were performed for standard and IMRT radiation fields. We 
observed that absolute dose measurement with EBT film can 
be performed with an uncertainty up to 1.8% (1 SD) for a 
single film and 1.4% (1 SD) applying per measurement 2 films 
simultaneously, and when precautions are taken. Precautions 
which should be considered are: 1) inhomogeneity effects in 
film thickness; 2) strictness in film orientation during calibra-
tion and film scanning; 3) variation in optical density read out 
over the scan window of the scanner which depends further-
more on the dose delivered to the EBT film. The first aspect is 
related to film production processes. The second aspect is 
related to the orientation of the polymer molecules in the film. 
The third aspect is related to light polarization capacity of the 
EBT film polymer molecules in combination with an inherent 
creation of polarized light in the scanner itself during trans-
port of the light ray from each point in the light tube to the 
CCD chip. 

Keywords—EBT film, Accuracy, Quality Control. 

I. INTRODUCTION  

Recent developments of computer aided linear accelera-
tors used for treating cancer patients show ongoing devel-
opment in computer controlled steering of the radiation 
beam parameters during radiation of the patient. Nowadays, 
dynamic treatments become more and more a standard tech-
nique, i.e. a delivery of a conformal dose distribution 
around the tumor by computer controlled varying dose rate 
and field size, eventually in combination with gantry rota-
tion. All treatment planes are calculated by modern  
dose calculation algorithms. However, the correctness of 
those algorithms in calculating the dose distribution per 
patient versus the actual dose delivery during irradiation is 
often uncertain, due to inaccurate algorithms and specific  

behavior of the accelerator applied. Verification of the dose 
delivery per patient on phantoms before actual patient 
treatment is, therefore, an important part in the overall 
treatment quality assurance, since those types of treatments 
can no longer be predicted or verified in a simple way. 

Dosimetric quality control of dynamic treatment therapy 
needs integrating 2D dose detectors with high spatial resolu-
tion, without presence of energy dependence and with a 
high flexibility to be used in different phantoms. Although 
ionization chambers are still the current golden standard 
dose detectors and so 2D ionization chamber arrays might 
be an opportunity, these types of detector miss the required 
high spatial resolution. 1D or 2D diode arrays have in gen-
eral a better spatial resolution due to a smaller detector 
volume, but one should be aware of that their response 
might be dependent on beam energy (spectrum) and dose 
per pulse. Besides, diode and ionization detectors are com-
monly orientated in rigid geometries. However, all those 
detectors can help to establish GafChromic EBT film (ISP 
corp. NY USA) as a good alternative. The film itself is 
almost water equivalent in composition, is a 2D dose inte-
grating system with high spatial resolution and is flexible 
for use in various phantoms. No development process is 
required as for radiographic film, while EBT film can be 
handled in principle in day light circumstances although 
exposure to ultra violet light should be minimized.  

In our institution we investigated two aspects of the EBT 
film dosimetry. First, the dosimetric accuracy achievable 
with this film, scanned with commercially available flatbed 
scanners Epson 1680 Expression Pro (A4 format) and Ep-
son 10000XL (A3 format), as well as the precautions to be 
taken to achieve this accuracy. Second, regarding  
literature1-5 and our own findings6, the use of the relative 
cheap and fast commercial transmission flatbed scanners for 
accurate film dosimetry requires the application of a “lateral 
correction factor”.  

Before film scanning, the CCD read out of the scanner is 
calibrated, yielding an identical ADC signal (in its red, 
green and blue part) per pixel irrespective of its position in 
the scan window. However, after this calibration procedure 
read out of a homogeneous irradiated EBT film does not 
yield a similar decrease in CCD read out signal for each 
pixel, as expected. This effect is only present in lateral scan 
direction, i.e. perpendicular on the transport direction of the 
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light tube of the scanner, yielding the necessity to apply a 
correction factor per pixel on the CCD read out over the 
lateral scan direction. Furthermore, the magnitude of  
this effect depends on the dose delivered to the film. To 
understand the causes behind, we investigated several  
possibilities as light scatter, optical path length and light 
polarization. 

II.  MATERIALS AND METHODS 

A.   EBT Film: Absolute Dose Measurements 

The dosimetric characteristics of EBT film have been stud-
ied by comparing dose distributions for different irradiation 
geometries detected with dose- calibrated ionization chamber 
(IC10), diode, diode array (LDA 99) all of IBA incorporation 
(Schwartzenbruck, Germany) and EBT films. In principle the 
films were taken from the same batch and cut into pieces or 
strips depending on the type of measurement performed. The 
orientation of each film piece was known, i.e. the orientation 
of the monomer molecules inside the film given by manufac-
turer information, with respect to the transport direction of the 
light tube of the flatbed scanner.  

In these experiments both ionization chamber and film 
were directly inserted in a computer controlled large water 
tank (Blue Phantom, IBA), individually. The film was posi-
tioned parallel and perpendicular to the water surface, de-
pending on type of experiment, with direct water contact. In 
this way no air gaps between film and phantom material are 
present, as often is the dosimetrical disturbing effect if solid 
phantoms have been used for film dosimetry. The water 
contact did only disturb the read out temporary in a small 
boarder region of the film. With all detectors and film abso-
lute dose measurements were performed, from which rela-
tive dose distributions could be derived. For the film an 
optical density curve was determined per experiment, to 
convert the scanner read outs to absolute dose values. With 
diode and diode array a spatial resolution of 0.2 mm and 1 
mm, respectively, can be achieved. For the diode array 
detector, however, we applied a 5 mm spatial resolution for 
the IMRT measurements, to limit measurement time. 

The irradiation geometries applied in this study consisted 
of percentage depth dose curves (PDD), profiles at different 
depths from dmax to 20 cm and output measurements, all for 
field size between 2 * 2 cm2 and 20 * 20 cm2 and an IMRT 
field. The irradiation beam was a 6 MV photon beam, gen-
erated with a Varian 2300 C/D linear accelerator. 

Gafchromic EBT film can be used up to a dose of 8 Gy. 
The monomers change into polymers by irradiation, color-
ing the film blue. The optical density OD per pixel (x, y) is 
defined by: 

),(
),(log),( 010
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yxIyxOD

t

=                   (1) 

where Io is the intensity of the light beam as detected with 
the CCD chip when no film is placed on the scan window. 
The light intensity It is the transmitted light beam through 
the film. The background optical density or fog is the OD of 
the un-irradiated film. The net optical density is the OD 
corrected for the fog. From this point we use `optical den-
sity` for net optical density.  

The optical density distribution measured by the irradi-
ated film, and so the dose distribution, can be determined by 
applying the Epson flatbed scanners. To correct for ine-
qualities of the glass plate of the scan window, Io is deter-
mined per pixel applying a pre-scan of the glass plate. For 
dosimetry we only apply the red-channel ADC information 
of the CCD chip read out signal of the scanner. The default 
resolution of each scanner is 72 dpi. We observed that for 
this dpi Newton rings could be ignored as disturbance effect 
on an accurate film read out.  

B.   Lateral Correction Factor: Causes Behind 

Probable causes yielding the lateral correction factor as 
light scatter, optical path length and light polarization have 
been investigated. Light scatter has been studied by deter-
mining the point spread function of the light beam above 
each pixel. The optical path length effect has been investi-
gated by determining the light beam intensity change, i.e. 
signal change of the CCD chip, when glass filters (BK7; 
(03FNG043 - 03FNG065, Melles Griot, CA, USA) with a 
nominal optical density range between 0.2 and 2.0 have 
been placed on the scan window (glass plate of the scanner). 
Light polarization has been studied for the flatbed scanner 
itself as well as in combination with EBT film, by determin-
ing the CCD chip read out when linear polarizing laminated 
filters (TECH SPEC™, Edmund Optics, UK) with well-
known polarization direction were positioned on the scan 
window. 

III.   RESULTS AND DISCUSSION 

A.   EBT Film:  Absolute Dose Measurements 

From all measurements performed in the water tank it 
can be concluded that EBT film as water equivalent mate-
rial behaves in dosimetrical sense too as a water equivalent 
material. That means that absolute output, PDD and pro-
files determined by film and ionization chamber were 
identical within an uncertainty of 1.8 % (1 SD) if a single 
film was applied per measurement or 1.4 % (1 SD) of two 
films were irradiated simultaneously, irrespective of irra-
diation geometry. Of course, the penumbra region  
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measured with film corresponds better with diode meas-
urements, due to their higher spatial resolution with  
respect to that of the ionization chamber. The most impor-
tant pitfalls in accurate absolute EBT film dosimetry are: 
1) an inconsistency in orientation of the film during the 
read out process; 2) inhomogeneity in film construction; 3) 
the inherent OD build up in time in the EBT film after 
irradiation. The first effect results in large differences up 
to 20% between delivered and read out dose value. As that 
difference is that large, it might be a warning signal. If the 
orientation was known during the process, e.g. by marks 
on the film, the error might be corrected afterwards by 
read out of the film again as long as the optical density-to-
dose curve is measured for the same film orientation. The 
second effect, inhomogeneity in film construction, can be 
used as quality parameter of the film batch. Our experi-
ence is that +/- 4% (3 SD) has to be excepted although in 
general a better homogeneity over the film is present. The 
inhomogeneity effect can be limited by using more films 
simultaneously per experiment. Our experience is that 2 
films are mostly enough, although one has still to be aware 
of this effect. The third effect is related to an ongoing 
process of polymerization from the monomers after the 
irradiation is stopped. This process is most manifest in the 
hours just after irradiation and can change the outcome up 
to 10%7. Therefore, it is recommended to incorporate a 
delay time of at least 8 hours after the irradiation before 
the film is scanned. The optical density-to-dose curve, 
needed to convert the film read out to dose value, can be 
taken over the whole film experiment without loss of accu-
racy in the absolute dosimetry, but should be constructed 
too after the same delay time. 

First measurements comparing the EBT film with the di-
ode array for IMRT irradiation fields show that the film can 
be applied as absolute dose detector in IMRT verification 
measurements between dose calculation and actual dose 
delivery in phantom. In general, for analyzing this compari-
son a gamma-evaluation is performed with fixed dose and 
distance limits. From the point of accuracy achievable in 
absolute dose measurement with EBT film as well as in 
accuracy achievable in positioning film, it can be concluded 
that these gamma evaluation limits applying EBT film 
should be at least 3% and 2 mm for dose and distance, re-
spectively. However, more work on this is ongoing. 

B.   Lateral Correction 

Even after a pre-calibration of the scanner, when a ho-
mogeneous irradiated EBT film is scanned, an optical den-
sity variation over the lateral scan direction is observed 
(Fig. 1), depending on the dose delivered to the film. Our 
studies on light scatter have shown that this effect can be 

excluded as cause: the point spread function of the light 
beam above each pixel is limited to a width of 13 pixels, i.e. 
about 0.45 cm at 72 dpi. This implies that per pixel in the 
scan window the direct light ray, i.e. from the point on the 
light tube just above that pixel to the CCD chip, has to be 
considered only in the film read out procedure. The study 
about differences in optical path length between direct light 
rays, introduced by film, could not be responsible for the 
results as shown in Fig. 1. Of course, due to scanner con-
struction differences in optical path length between direct 
light rays is present. However, during the scanner calibra-
tion process this effect on the CCD chip read out is cor-
rected. EBT film itself, placed on the scan window, does not 
introduce variation in optical path length over the pixels.  

0.98

1.00

1.02

1.04

1.06

1.08

1.10

1.12

1.14

1.16

-15 -10 -5 0 5 10 15
Lateral position  [cm]

R
el

at
iv

e 
O

D
  [

-]

1.12
1.06
0.98
0.86
0.72
0.59
0.52
0.41

OD

 
Fig. 1 Lateral relative optical density response curves for Epson 1000XL 
scanner, determined for EBT films with dose delivered up to 8 Gy. The sets 
of curves have been normalized to the optical density at the lateral centre 
position. From these curves it is clear that the lateral response curves are a 
function of both lateral position and dose 

Our study on light polarization showed an optical density 
variation over the lateral scan direction related to inherent 
light polarization that occurs in the optical system of the 
scanner, although the Xenon light tube of the scanner itself 
delivers non-polarized light (Fig. 2). The light polarization 
is understandable qualitatively by the Fresnell law of reflec-
tion and refraction of light on scanner components (prisms, 
mirrors)8. However, quantification requires an exact analy-
sis of the behavior of both electric field components of the 
light ray during its transport from the light tube to the CCD 
chip of the scanner. From Fig. 2 it can de deduced that this 
analysis should be performed specifically for each direct 
light ray coming from the light tube. The average optical 
density of each curve in Fig. 2 is almost of the same magni-
tude, which is in agreement with the equal intensity setup 
for each pixel generated in the calibration procedure of the 
scanner.  
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Fig. 2 Optical density variation when rotating a polarizer, placed on the 
glass plate at the lateral centre position, i.e. the middle of the light tube, 
and at about 6 and 9 cm lateral from this, i.e. at points more directed to-
wards the lateral side of the scan window 

The experiments behind Fig. 2 were repeated, but now 
with EBT film added in which the film was positioned be-
tween polarizer and scan window. EBT film irradiated ho-
mogeneously with different doses, were applied. Adding 
EBT film results, besides expected changes in optical den-
sity values, in a phase shift of the curves in Fig. 2 over 80 
degrees, while the difference between minimum and maxi-
mum optical density read out (Fig.2) increase non-linear as 
function of dose. That means that EBT film influences dif-
ferently both electric field components of each direct light 
ray. It has also been detected that the base layer is responsi-
ble for phase shift as well, but the sensitive part of EBT film 
(needle shaped crystals containing diacetylene monomers) 
is the only variable which can be related to the dose de-
pendent change in polarization (creation of polymers). As 
reported in literature9 the polymer molecules tend to rotate 
slightly with respect to the orientation of the monomers. 
The lateral OD effect of EBT film increases with increasing 
dose to the EBT film, as does the ratio of polymer versus 
monomers. Apparently this affects the optical density varia-
tion with lateral position too with increasing dose delivery 
to the EBT film (Fig. 1). Which effect is dominant has to be 
determined in further research. 

IV. CONCLUSIONS  

GafChromic EBT film can be used with high accuracy as 
absolute dose detector, although pitfalls decreasing the 
accuracy are present. Main problem in the absolute dose 
measurement procedure is the light polarization behavior of 
EBT film in relation with the inherent light polarization 
behavior of the optical system of the flatbed scanner itself.  
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Abstract— On-board cone-beam computed tomography 
(CBCT) provides volumetric information of a patient at treat-
ment position and improves the setup accuracy and may be 
used for dose reconstruction. However, there is a great concern 
that repeated use of CBCT during a treatment course delivers 
too much extra dose to the patient. To reduce the CBCT dose, 
one needs to lower the total mAs of the x-ray current, which 
usually leads to reduced image quality. Our goal of this work is 
to develop an effective method that enables to achieve clinically 
acceptable CBCT image with as low as possible mAs without 
compromising quality. An iterative image reconstruction algo-
rithm based on a penalized weighted least-squares (PWLS) 
principle was developed for this purpose. To preserve edges in 
the reconstructed images, we designed an anisotropic penalty 
term of a quadratic form. The algorithm was evaluated with a 
CT quality assurance phantom and an anthropomorphic head 
phantom. Compared with conventional isotropic penalty, the 
PWLS image reconstruction algorithm with anisotropic pen-
alty shows better resolution preservation. 

Keywords— cone-beam CT, low-dose, iterative reconstruction, 
PWLS, edge-preserving penalty. 

I. INTRODUCTION  

Integration of the cone-beam computed tomography 
(CBCT) with linear accelerator makes it possible to acquire 
volumetric image of high spatial resolution for a patient at 
treatment position. There is growing interest in using on-
board CBCT for patient setup and dose reconstruction. 
Repeated use of CBCT during a treatment course has raised 
concern of extra radiation dose delivered to patients [1]. 
One cost-effective way to reduce CBCT dose is to acquire 
CT with a lower mAs protocol. However, image quality will 
degrade dramatically due to excessive noise, rendering the 
low-mAs CBCT less attractive option for the therapeutic 
guidance. 

In this work, we incorporate the noise properties of 
CBCT log-transformed projection data [2,3] in statistical 
iterative image reconstruction algorithm to improve the 
low-dose CBCT image quality. Compared with analytical 
reconstruction algorithms, a major advantage of iterative 
algorithms is that it takes consideration of the image phys-
ics, noise properties and imaging geometry elegantly. In 
statistics-based iterative reconstruction algorithms, tomo-

graphic images are reconstructed by minimizing or maxi-
mizing a cost function, which is based on noise characteris-
tics of the measured data. There are usually two terms in the 
objective function. The first term models the statistics of 
measured data and the second term reflects a prior informa-
tion to regularize the solution. The regularization term plays 
an important role for successful image reconstruction. One 
common choice of the regularization term is the Gaussian 
Markov Random Field (GMRF) in quadratic form. Such 
quadratic penalty with equal weights for neighbors of equal 
distance encourages equivalence between neighbors without 
considering discontinuities in images, which may lead to 
over-smoothing around edges or boundaries. In this wok, 
we propose a quadratic regularization term with anisotropic 
weights for different neighbors. The role of the anisotropic 
penalty is to discourage the equivalence between neighbors 
if the gradient is large; thus the edges or discontinuities will 
be better preserved in the final reconstructed image. 

II. METHODS AND MATERIALS 

A. Penalized weighted least-squares (PWLS) image 
reconstruction 

Noise in X-ray CT projection data after logarithm trans-
form follows approximately Gaussian distribution and the 
variance of the noise can be determined by an exponential 
formula [3]:  

0
2 /)exp( iii Np                              (1) 

where 0iN  is the incident photon number at detector bin 

i, ip  and 2
i  is the mean and variance of projection datum 

ip  respectively. Based on the noise properties of CT pro-
jection data, the PWLS cost function in the image domain 
can be written as: 

 )( )ˆ()ˆ()( 1 RApAp .        (2) 
The first term in equation (2) is the weighted least-squares 
criterion, where p̂  is the vector of log-transformed projec-
tion measurements and  is the vector of attenuation coef-
ficients to be reconstructed. Operator A represents the sys-
tem or projection matrix. The elements of ija  is the length 
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of the intersection of projection ray i with pixel j. The pro-
jection data p̂  and the attenuation map  is related by 

Ap̂ .  is a diagonal matrix with i-th element of 2
i , 

i.e., an estimate of the variance of repeatedly measured iŷ  
at detector bin i which can be estimated from the measured 
projection data according to equation (1). The element of 
the diagonal matrix plays the role of weighting in the WLS 
cost function and it determines contribution of each meas-
urement. Symbol  denotes the transpose operator. The sec-
ond term in equation (2) is a smoothness penalty or a prior 
constraint, where  is the smoothing parameter which 
controls relative contribution from the measurement and 
priori constraint.  The image reconstruction task is to find 
attenuation map  by minimizing the objective function 
(2) with a positive constraint. 

B. Edge-preserving anisotropic penalty 

The priori constraint in equation (2) enforces a roughness 
penalty on the solution. The quadratic penalty with equal 
weights for neighbors of the same distance has been used 
widely for iterative image reconstruction [4-6]: 

j Nm
mjjm

j

wRR 2
2
1 )(')(  (3) 

where index j runs over all image elements in the image 
domain, jN  represents the set of neighbors of the j-th im-

age pixel. The parameter jmw  was set to 1 for first-order 

neighbors and 2/1  for second-order neighbors in previ-
ous applications [4-6]. This type of penalty only takes dis-
tance information of the neighbors into account. That is, the 
neighbors of the same distance play equivalent role in regu-
larizing the solution, and vise versa. A major shortcoming 
of the approach is that the regularization does not take the 
difference in intensities of the neighboring voxles (e.g. 
edges or discontinuities) into account, which may lead to 
oversmoothed solution for reconstructed images. To over-
come this limitation, we propose an anisotropic penalty to 
regularize the solution. In this formulation, the weight is 
smaller if the difference between a neighbor and the con-
cerned voxel is larger, since the coupling between such two 
neighbors is smaller. There are many choices that satisfy 
with this behavior of weighting. In this work, we chose the 
form of jmw  to be the same as the conduction coefficient in 
the well-known anisotropic diffusion filter [7]. The weight  

jmw  can be written as: 

])(exp[ 2mj
jmjm ww ,    (4) 

where the gradient and the parameter  determine the 
strength of the diffusion during each iteration. The parame-
ter  can be set either by hand or to the value at 90% of 
histogram of the gradient magnitude of the image to be 
processed. In this work, we set the value of  to be 90% of 
histogram of the gradient magnitude of the FDK recon-
structed image. 

C. CBCT Data Acquisition 

Cone-beam CT projection data was acquired by an Acu-
ity simulator (Varian Medical Systems, Palo Alto, CA). The 
number of projections for a full 360° rotation is 680 and 
total time for acquisition of one full circle of projection data 
is about 1 minute. The dimension of each acquired projec-
tion image is 397 mm  298 mm, containing 1024 768 
pixels. To save computational time during iterative recon-
struction, the projection data at each projection view was 
down-sampled by a factor of two and only 16 out of 768 
projection data along axial direction was chosen for recon-
struction. Two phantoms were used to evaluate the per-
formance of the proposed PWLS algorithm. The first is a 
commercial calibration phantom CatPhan® 600 (The Phan-
tom Laboratory, Inc., Salem, NY). The second is an anthro-
pomorphic head phantom. In both phantom studies, the tube 
voltage was set to 125 kVp. The X-ray tube current was set 
at 10 mA and the duration of X-ray pulse at each projection 
view was 10 ms during the acquisition of low-dose CBCT 
projection data. During acquisition of the corresponding 
high-dose CBCT image, the tube current was set at 80 mA 
and the duration of X-ray pulse was set at 12 ms. The pro-
jection data was acquired in full-fan mode and the full-fan 
bow-tie filter was used for both phantoms. The distance of 
source-to-axis is 100 cm and source-to-detector distance of 
150 cm. The size of reconstructed image is 350 350 16 
and voxel size is 0.776 0.776 0.776 mm3. 

III. RESULTS  

A. CatPhan® 600 phantom 

Figure 1 shows the modulation transfer function (MTFs) 
of two iterative reconstruction algorithms with different 
smoothing parameter ranging from 1.0 410  to 30 

410 . It can be observed that spatial resolution of the re-
constructed image using isotropic quadratic penalty de-
creases as smoothing strength increases. The frequency of 
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50% MTF for the iterative reconstruction using isotropic 
penalty decreases from 5.25 to 2.91 1/cm as smoothing 
parameter increases from 1.0 410  to 30 410 . In con-
trast, MTF curves of the image reconstructed using the 
proposed edge-preserving anisotropic quadratic penalty are 
clustered together with various smoothing parameters. This 
indicates that the spatial resolution in images reconstructed 
using the anisotropic quadratic penalty is better-preserved. 
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Fig 1: MTF curves of two PWLS iterative image reconstruction 
algorithms with different smoothing parameters. Curves in blue 
color are results of reconstruction using an isotropic quadratic 
penalty. Curves in black color are results of reconstruction using 
the edge-preserving anisotropic quadratic penalty. 
 

We then tested the proposed algorithm on the CTP404 
module of the CatPhan® 600 phantom. A representative 
slice of the CBCT images obtained by different reconstruc-
tion methods are shown in fig. 2. Figures 2a and 2b are the 
low-dose and high-dose images reconstructed by analytical 
FDK algorithm respectively. It can be observed that noise 
level is quite high in the low-dose CBCT image. Figure 2c 
shows the image reconstructed by the PWLS algorithm 
using isotropic quadratic penalty with the penalty parameter 

5103 . Figure 2d displays the image reconstructed by 
the PWLS algorithm using the proposed edge-preserving 
anisotropic penalty with the same penalty parameter. The 
noise in the images reconstructed by iterative algorithms is 
greatly suppressed compared with the image reconstructed 
using analytical method. It is seen that the edges were 
blurred in fig. 2c, as indicated by the arrows in the image. 
This is not surprising since an isotropic quadratic form 
penalty simply encourages equivalence among neighbors 
along all directions without considering the boundary in-
formation presented in the image. However, edges were 
well preserved when the anisotropic penalty was used as the 

constraint (see the corresponding area in figure 1(d) indi-
cated by the arrows). 

 

    
(a)    (b) 

   
(c)    (d) 

Fig. 2: CBCT of the CatPhan® 600 phantom: (a) analytical FDK 
reconstructed image from projection data acquired using low-dose 
protocol (10 mA/10 ms) and (b) high-dose protocol (80 mA/12 
ms); (c) PWLS iterative image reconstruction with isotropic quad-
ratic penalty from projection data acquired using low-dose proto-
col and (d) with proposed anisotropic penalty.   
 

To quantitatively analyze the gain by using the anisot-
ropic penalty in the iterative reconstruction algorithm, we 
then studied the full-width-at-half-maximum (FWHM) of 
two point-like objects (one is brighter than background and 
the other one is darker than the background) in the recon-
structed images. Standard deviation of the uniform region 
around the point-like source is 31050.0 in fig. 2c and 

31054.0  in fig. 2d. We then fitted the profile through 
the two point-like objects to a Gaussian functional. The 
FWHM of brighter source is 3.48 pixels for the image re-
constructed with the isotropic penalty and 3.19 pixels for 
the anisotropic penalty. The FWHM for the darker source is 
3.71 pixels for the image reconstructed with the isotropic 
penalty and 3.48 pixels for the anisotropic penalty. In both 
cases, better edge preserving was observed for the image 
reconstructed using the anisotropic penalty. 

Results of the anthropomorphic head phantom are shown 
in Fig. 3. Figure 3a shows one slice of image reconstructed 
by analytical FDK algorithm from projection data acquired 
using low-dose protocol (10 mA/10 ms); fig. 3b is the FDK 
reconstructed image for the same phantom acquired with a 
high-dose protocol (80 mA/12 ms). Figure 3c shows the 
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same slice of low-dose CBCT image reconstructed by the 
PWLS iterative algorithm using isotropic penalty with pen-
alty parameter 41030 and Figure 3d shows the low-
dose CBCT image reconstructed by the PWLS image recon-
struction algorithm using the anisotropic penalty with the 
same penalty parameter. It can be observed that noise in 
low-dose CT images is efficiently suppressed in images 
reconstructed by the PWLS iterative reconstruction algo-
rithms. The quality of low-dose CBCT reconstructed by the 
PWLS with anisotropic penalty is comparable to that of the 
high-dose FDK reconstructed image. With the anisotropic 
penalty in the PWLS iterative reconstruction, edges are 
better preserved in the reconstructed image. In the regions 
indicated by arrows in fig. 3d, it is seen that the structure is 
well preserved in the image reconstructed using the anisot-
ropically penalized PWLS algorithm. The structure is 
blurred if the isotropic penalty was used during the PWLS 
reconstruction. This observation is consistent with the quan-
titative evaluation using the CatPhan® 600 phantom. 

 

  
(a)    (b) 

  
(c)   (d)  

Fig. 3: CBCT of the anthropomorphic head phantom: (a) analytical 
FDK reconstructed image from projection data acquired using 
low-dose protocol (10 mA/10 ms) and (b) high-dose protocol (80 
mA/12 ms); (c) PWLS iterative image reconstruction with iso-
tropic quadratic penalty from projection data acquired using low-
dose protocol and (d) with proposed anisotropic penalty.  

IV. CONCLUSIONS  

In this work, we presented a statistics-based iterative re-
construction algorithm for CBCT. The objective function 
was based on the PWLS criterion. To preserve edges in the 
reconstructed images, an anisotropic quadratic penalty was 
proposed. Noise and artifacts in low-dose CBCT are greatly 
suppressed using the presented PWLS reconstruction algo-
rithm. Comparison studies with reconstruction based on 
isotropic penalty have shown clearly the benefit of the pro-
posed approach. Statistical iterative reconstruction algo-
rithm significantly improves low-dose CBCT image quality 
and may find useful clinical applications in the future. 
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The realization and application on image pasting for Cone-beam Computed 

Tomography 

YIN Yong, ZHU Jian, LU Jie,  

ShanDong Tumor Hospital, Jinan 250117, China 

[Abstract] Objective To enlarge the scan width of Cone-beam Computed 

Tomography (CBCT) and offer the integrity of structures (including tumor targets and 

organs at risk) on CBCT images by pasting the CBCT images together without gap 

and lose data out. Methods Give the patient CBCT scan two times at different 

longitude position. Import the two CBCT image series to TPS and then fusion the 

planning CT and CBCT together. Find the same layer of two CBCT series by 

analyzing the two fusion results and remember their sequence number. Offer the 

CBCT image series and the sequence number to “CBCT Pasting” which is the 

software we developed in this investigating. Then the software will merge the CBCT 

series into the same reference frame. To validate the feasibility of CBCT Pasting, we 

observe its geometric characteristics by patients and phantoms. Result The volume of 

phantom has the difference 0.26% (28.34 cm3) between CT and CBCT images and 

1.87% (12.82 cm3), 1.47% (10.07 cm3) for the two lungs. On the images of patients, 

the difference is 1.97% (64.53 cm3) for total-lung, 2.30% (33.32 cm3) for lung left and 

1.75% (31.21 cm3) for lung right. Conclusion This work proved that the CBCT scan 

and pasting can enlarge the scan width without image data loosing. This technique can 

provide the chance to observe the whole target and OAR and the chance for physicists 

to evaluating the treatment plan and even replanning. 

[Keywords] Image Guided Radiotherapy (IGRT); Cone-beam CT (CBCT);  

Image Fusion; Image Pasting 
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 In vivo dosimetry using MOSFET and TLD for Tomotherapy 
 

Rajesh A. Kinhikar, Chandrshekhar M. Tambe, Dipak1 S. Dhote and Deepak D. Deshpande 
 

Department of Medical Physics, Tata Memorial Centre, Mumbai, India 
1Brijlal Biyani Science College, Amravati, India 

 

Abstract— The purpose of this work was to estimate skin 
dose for the patients treated with Tomotherapy using metal 
oxide semiconductor field-effect transistors (MOSFETs) and 
thermoluminescent dosimeters (TLDs). In vivo measurements 
were performed for two head and neck patients treated with 
tomotherapy and compared to TLD measurements. The meas-
urements were subsequently carried out for five days to esti-
mate the inter-fraction deviations in MOSFET measurements. 
The variation between skin dose measured with MOSFET and 
TLD for first patient was 2.2%. Similarly, the variation of 
2.3% was observed between skin dose measured with 
MOSFET and TLD for second patient. The Tomotherapy 
treatment planning system overestimated the skin dose as 
much as by 10-12% when compared to both MOSFET and 
TLD. However, the MOSFET measured patient skin doses also 
had good reproducibility, with inter-fraction deviations rang-
ing from 1% to 1.4%. MOSFETs may be used as a viable 
dosimeter for measuring skin dose in areas where the treat-
ment planning system may not be accurate. 

Keywords— Tomotherapy, Skin dose, MOSFET, TLD  

 
I. INTRODUCTION 

In vivo dosimetry has been used as a means for 
measuring and verifying the skin doses calculated by treat-
ment planning systems (TPS) [1-2]. Though thermolumi-
nescent dosimeters (TLDs) are widely used for in vivo do-
simetry, they are unable to permanently store dose 
information since the reading of the detectors erases the 
dosimetric information. They have been shown to provide 
dose readings with an accuracy of 2% [3,4], but their use 
requires careful and time-consuming handling and anneal-
ing procedures [5–7].  

Metal oxide semiconductor field-effect transistors 
(MOSFETs) have been introduced as an alternative to the 
TLDs. MOSFETs are a quick and easy alternative as dose 
information can be obtained immediately after irradiation. 
The amount of radiation absorbed by a MOSFET is meas-
ured by the shift in threshold voltage before and after an 
irradiation. The MOSFET has additional advantages as 
better sensitivity, reproducibility, and stability with minimal 

temperature effects [8-16]. The basic structure of the dual 
MOSFET dual bias detector is described elsewhere [8].  

Many tumors in the head and neck are located 
close to the surface so skin sparing is limited in order to 
deliver an adequate dose to the target. This problem is am-
plified by the use of intensity-modulated radiation therapy 
(IMRT) and inverse planning, as skin doses in IMRT tend 
to be higher than with conventional therapy. This is due to 
the use of multiple beams that enter tangentially to the skin 
which are used to offset the build-up region of beams enter-
ing perpendicularly. The use of these tangential beams can 
cause an increase in skin dose of 19% and 27% with and 
without an immobilization mask, respectively [17]. There-
fore, a particularly useful application of MOSFET do-
simetry is in IMRT [18].  

There are also reports of inconsistencies between 
doses calculated by IMRT treatment planning systems and 
those measured through in vivo dosimetry on the surface 
and in build-up regions [19]. An overestimation of surface 
dose by a treatment planning system of up to 18.5% of the 
prescribed dose has also been reported [19]. The complexi-
ties introduced by inverse treatment planning make in vivo 
measurements on patients during treatment with IMRT a 
critical part of assuring accurate dose delivery [20].  

Recently a study performed does report on the skin 
dose measurements on the mask for the patients treated with 
tomotherapy [21]. However this study does not focus on the 
measurements carried out on the skin inside the mask. The 
objective of this study was to estimate the skin dose inside 
the mask for head and neck patients treated with IMRT 
using tomotherapy planning system and compare the meas-
ured skin dose with the planning system.  

II. MATERIALS AND METHODS 

Two head and neck patients were selected for this 
study. Treatment planning for both these patients was car-
ried out with Tomotherapy treatment planning system (To-
moPlan, V2.2).  

The first case was a 24 year lady with Carcinoma 
of the Nasopharynx with intracranial extension and multiple 
cervical adenopathy. In view of the intracranial and intra-

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

W C. Schlegel I, pp. 114–116,



orbital extension of the tumor and multiple lymph nodes 
extending into the lower neck, she was considered for radio-
therapy with IMRT using tomotherapy (66 Gy/30 fractions 
with 2.2 Gy per fraction to planning target volume). She 
received concurrent chemotherapy with Tomotherapy 
treatment. The field width of 2.5 cm, pitch of 0.3 and modu-
lation factor of 2.8 was the treatment planning parameters. 
The prescription goal was 95% of the PTV receives at least 
66 Gy.  

Second patient was diagnosed with Carcinoma of 
Buccal mucosa cavity. The prescription dose of 20 Gy was 
planned for 2.5 Gy per fraction. The field width of 2.5 cm, 
pitch of 0.3 and modulation factor of 2.0 was the treatment 
planning parameters for this patient. 

Standard MOSFET (TN-502RD sensors plus low 
sensitivity bias supply, Best Medical, Springfield, Virginia, 
USA) were used for calibration. The diagrammatic details 
of the unit are available at the manufacturer’s website. It is a 
software-controlled system (v 2.2) with semiconductor 
transistors (sensitive volume of 0.2 mm x 0.2 mm x 0.0005 
mm). For all measurements, the bias supply was set at a 
standard sensitivity (1 mV/cGy). Before the MOSFETs 
were used for dose measurements they were first calibrated 
in a 6 MV Tomotherapy static and rotational beams. Cali-
bration factors were determined for both standard sensitivity 
MOSFETs. The MOSFETs were connected to a 5 V stan-
dard bias supply at least one hour before calibrations were 
done. The bias supply was also connected to a reader, which 
provided a record of the threshold voltage of each 
MOSFET. One at a time, each detector was positioned at a 
depth of 1.5 cm in a solid water phantom. Five MOSFET 
detectors were individually calibrated. Ten cm slab of solid 
water was used for backscatter. The calibrations were done 
with a source-to-surface distance (SSD) of 85 cm at a field 
size of 5 · 40 cm2. For ‘bubbleup’ calibrations, the 
MOSFET was placed with the epoxy bubble facing towards 
the beam and for ‘bubble-down’ calibrations the epoxy 
bubble was facing away from the beam. 

An Extradin A1SL ionization chamber (Standard 
Imaging, Middleton, WI) was positioned at a depth of 1.5 
cm in the solid water phantom with SSD 85 cm for same 
field size mentioned above. After an initial reading of the 
threshold voltage was taken, a dose of 150 cGy was deliv-
ered to the detector. The threshold voltage was read again 2 
min after the irradiation. This process was repeated three 
times for each calibration. Ion chamber readings were taken 
during each trial, and the dose was calculated using 
AAPM’s TG-51 parameters [22]. The use of solid water 
rather than water was assumed to introduce a negligible 
uncertainty [23,24]. Comparing the change in threshold 
voltage with the calculated dose delivered, a calibration 
factor was determined for each detector. All five MOSFETs 

were calibrated periodically throughout their total lifetime, 
which is approximately 20,000 mV, to observe any change 
in sensitivity with total integrated dose.   

To test the accuracy of these calibration factors when 
used with the tomotherapy unit, same MOSFETs were cali-
brated on both the tomotherapy unit and the 6 MV linac 
beam for comparison. 

The MOSFET detectors were properly taped on the 
skin inside the mask. The TLDs were also placed just beside 
the MOSFET. An extreme caution was taken to maintain 
the same location of the detectors for every subsequent 
fraction in a week. The skin dose was measured for 5 con-
secutive fractions using both MOSFET and TLD. Prior to 
each irradiation, TLD-100 (LiF:Mg,Ti) powder (The Har-
shaw Chemical Co.  Solon, Ohio, USA) were annealed 
using a thermal cycle: 400oC (±5o) for 1h-cooling for 5 min 
-100oC for 2 h in a Programmable Muffle Furnace (Model-
126, Fisher Scientific Co. Pittsburgh, PA USA) and then 
cooled to normal room temperature. For annealing, the TL 
powder was placed inside a glass Petri dish with cover. 
Rexon UL-320 TLD Reader, (TLD systems Inc. USA) was 
used to record TL output at maximum acquisition tempera-
ture of 2800C using constant heating rate of 140C/sec. Con-
stant time gap of 24h was maintain between irradiation and 
read out. Dose response curve for the TLD-100 powder was 
generated in Co-60gamma ray beam (Equinox 80, MDS 
Nordion Canada) and was found linear in the range of 0.5- 
4.0 Gy. For measurements using TLD, about 40mg of the 
freshly annealed TLD-100 powder was packed in square 
polyethylene pouch (approximately 1cm x 1cm). The TL 
output of about 10mg powders was recorded using Rexon 
TLD reader and this way four readings were obtained from 
each TL pouch. The mean value of net TL output per unit 
weight (nC/mg) of these four readings was used for calcula-
tion. The uncertainty in TLD-100 powder measurements 
was ±2%. 

 
III. RESULTS AND DISCUSSION 

All the MOSFETs were read within 15 minutes of 
the irradiation to reduce the fade effect. The MOSFET were 
validated as the surface detector by irradiating in a solid 
water phantom along with the TLDs so as to simulate the 
clinical conditions. Hence the MOSFET was used with very 
little buildup (only the immobilization mask). The calibra-
tion of the MOSFET revealed the calibration coefficient as 
1.11 and 1.12 for static and rotational beam respectively. 
This calibration coefficient was derived for both the jaw 
settings (2.5 cm x 40 cm and 5 cm. x 40 cm). Thus the 
MOSFET has minimal field size dependence. The rotational 
measurements for MOSFET thus confirmed the negligible 
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angular dependence for 3600. The reproducibility of the 
MOSFET was also checked and an excellent consistency 
was obtained for repetitive measurements. MOSFET meas-
ured patient skin doses also had good reproducibility, with 
inter-fraction deviations ranging from 1% to 1.4%.  

For first patient the MOSFET measured the skin 
dose as 90% while TLD read 92% of the prescription dose 
(2.2 Gy). The variation between skin dose measured with 
MOSFET and TLD was 2.2%. Similarly, for second patient 
the skin dose measured with MOSFET and TLD was 88% 
and 86% of the prescription dose respectively. The variation 
of 2.3% was observed between skin dose measured with 
MOSFET and TLD. The treatment planning system esti-
mated the skin dose as 100% for both the patients. Our 
findings with these two patients planned with Tomotherapy 
treatment planning system supplement the previous litera-
ture [21]. It was observed that the planning system overes-
timates the skin dose by 10-12%.  

 
IV. CONCLUSION 

The results show that MOSFETs can be used as 
accurate and reproducible detectors for tomotherapy skin 
dose measurements where high dose gradients are present 
and in areas where the treatment planning system may not 
be accurate. In vivo dosimetry measurements are a useful 
tool with tomotherapy for areas where a high skin dose is 
expected, as the treatment planning system may not give 
accurate dose values at the surface. 
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Abstract— A dose audit using a photoluminescent glass do-
simeter was conducted in radiation therapy facilities in a num-
ber of East-Asian countries. The audit was performed for the 
reference condition of linac X-ray beams, which was a 10x10 
cm2 field and a 10cm depth with a SSD of 90 cm. Eight facili-
ties from 5 countries, China, Korea, Indonesia, Viet Nam and 
the Philippines, participated in this audit. The ratios of devia-
tion between the user-stated dose and the NIRS measured dose 
were analyzed. Among 24 X-rays beams measured from 6 to 
20MV, 22 beams were within optimum levels (±3%) and 1 
beam was out of the optimum level but within the tolerance 
level (±5%). However, 1 beam exceeded the tolerance level. 
The standard deviation of the ratios of deviation was 1.4%. A 
thorough and lengthy investigation was performed regarding 
this beam, which was observed to have a large rate of deviation 
(+6.1%). Finally, the cause became clear when it was deter-
mined that an incorrect pressure value in the calibration of a 
monitoring unit had been used. This event shows the impor-
tance of external audit in radiation therapy. 

Keywords— QA/QC, dose audit, glass dosimeter, Radiation 
therapy, East-Asian Countries 

I. INTRODUCTION  

The Forum for Nuclear Cooperation in Asia (FNCA) [1] 
has been conducting a multi-facility clinical trial of radia-
tion therapy for both brachytherapy and external beam radi-
otherapy within East-Asian countries. To assure the out-
come of the trial, dose audits need to be performed. 

A dose audit for radiation therapy facilities has been 
conducted worldwide for decades by IAEA, RPC or other 
audit groups [2 - 5] using thermoluminescence dosimeter 
(TLD). However, in Japan, there has been no permanent 
audit system. Mizuno et al have established a dose audit 
system using a photoluminescent glass dosimeter. The glass 
dosimeter has advantages over with TLD in following fea-
tures: easier handling, less fading, and repeatable readout. 
Following their feasibility study, a postal dose audit has 

been initiated in Japan by the Association for Nuclear 
Technology in Medicine (ANTM).  

We performed the dose audit with the same methods us-
ing a glass dosimeter to the FNCA participating countries. 

II. METHODS 

Glass dosimeters (GD-302M, AGC TECHNO GLASS 
Co.) and a solid phantom (Tough Water Phantom, Kyoto 
Kagaku Co.) were used for the dosimetry. Facilities were 
provided with these tools together with datasheets and ma-
nuals. Glass dosimeters were set at a reference condition 
which was a 10x10 cm2 field and a 10cm depth with a SSD 
of 90 cm. 1Gy irradiation was applied to the glass dosimeter. 
We used six elements of glass dosimeters for one energy 
linac beam. The output of the glass dosimeters were read in 
Japan after the participants sent back the tools. The irra-
diated glass dosimeters were read out by a FGD-1000 read-
er (AGC TECHNO GLASS Co.) and control glass dosime-
ters were calibrated using a 60Co γ-ray source (TYC-3001, 
Yoshizawa LA Co.) with a known dose (1 Gy). From Nov. 
2006 to Feb. 2009, eight facilities from five countries, Chi-
na, Korea, Indonesia, Viet Nam and the Philippines, partici-
pated in this audit program. 

III. RESULTS  AND DISCUSSION 

The results of 24 beam irradiations from 6 to 20MV are 
shown in Fig. 1. The rates of deviation δ were plotted. The δ 
values were defined as in the following equation: 
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Fig. 1 The results of the audit (rates of deviation). 

 (24 beams from 8 facilities of 5 countries) 
 
 By Gaussian fitting, the center value was 0.1% and the 
standard deviation was 1.4%. The uncertainty of the mea-
suring system was estimated as 1.6%. 

 According to the ESTRO/EQUAL postal audit system 
[5], the rates of deviation can be categorized by the follow-
ing criteria:  

  the optimum level   -  within ± 3% 
  tolerance level         -  within ± 5% 
  emergency level      -  over ± 10% 
Twenty-two beams (92%) were within the optimum level 

and one beam was within the tolerance level (out of opti-
mum level). However, one beam exceeded the tolerance 
level, +6.1%. 

A thorough and lengthy investigation was performed re-
garding this beam that had a large rate of deviation. Finally, 
the cause became clear with the discovery that an incorrect 
pressure value in the calibration of a monitoring unit had 
been used. The true value was 100.6kPa, although the rec-
orded value was 106 kPa. This resulted in about a 5.6% 
dose increase in the measurement, which corresponded to 
the rate of deviation we observed in the audit. 

IV. CONCLUSIONS  

We conducted a dose audit in eight facilities from five 
countries, using glass dosimeters within the framework of 
FNCA quality assurance program. Among 24 measured 
beams, one beam exceeded the tolerance level of ±5%. We 
investigated the cause and solved the problem. This event 
shows the importance of external audit in radiation therapy.  
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Editing range compensator for sparing normal tissue in treatment planning  
of carbon-ion radiotherapy 

M. Mizota and N. Kanematsu 

Research Center for Charged Particle Therapy, National Institute of Radiological Sciences (NIRS), Chiba, Japan 
 

Abstract— When using two-dimensional beam delivery in 
particle radiotherapy, the location of the spread out Bragg 
peak can be an issue in terms of the dose to normal tissue in 
the proximity of the planning target volume. We propose a 
method for modifying the irradiated volume that keeps a high 
dose deposit for the target, using an editing for fabrication 
data of range compensator. This method is effective when the 
normal tissue to be spared is located upstream of the target 
volume. A simple software tool was developed to demonstrate 
the effectiveness and impact of making an alternative treat-
ment plan. The dose delivered to normal tissues could be de-
creased in the limited volume. This method could be helpful in 
devising treatment plans that spare critical tissues by the eval-
uation of dose distributions and dose-area/volume histograms. 

Keywords— Particle radiotherapy, Treatment planning, Range 
compensator, Spread out Bragg peak, Surface 
dose. 

I. INTRODUCTION  

In particle radiation treatment with a passive beam deli-
very system, the thickness of the spread out Bragg peak 
(SOBP) is fixed for the whole radiation field (two-
dimensional irradiation). The location of the SOBP is confi-
gured using a range compensator so that the distal end of 
the SOPB matches the distal surface of the target [1]. How-
ever, this causes the SOBP to extend outwards from the 
proximal side at thin part of the target, which results in the 
deposition of undesirable doses to normal tissues. This 
problem can be overcome by the use of three-dimensional 
irradiation techniques, such as the layer stacking method [2] 
or scanning method [3, 4]. Otherwise, whenever the dose-
sensitive organ is located upstream of the target, careful 
consideration should be taken. Skin is one of the organs that 
need to be spared, so that the treatment should use multi 
port irradiation with widely separated angles. In some cases, 
where the target is shallow-seated, the overlapping region of 
both SOBPs extends to the surface of the patient, so that the 
dose levels can rise as high as the prescribed dose for the 
target. As one of the strategies to prevent these situations, 
the SOBP should be shifted deeper, so as to coincide almost 
at the proximal side with the target (Fig.1). 

 

Fig. 1 SOBP positions of the vertical port in relation to surface of the 
target in orthogonal irradiation. (A) original plan where the distal edge of 
the SOBP coincides with the distal surface of the target. (B)SOBP shifted 
deeper for reducing the dose at the surface of the body. (Only the SOBP of 
the vertical port is colored dark for simplicity.)  

In this case, a virtual target that partially shifts the distal 
end of the original target should be delineated and its plan 
should be made corresponding to the virtual target. This 
procedure is time-consuming and bothersome, because the 
delineation needs to be done slice by slice. The difficulty 
originally exists in the delineation that considers the radio-
logical length, which is rarely achieved with commonly-
used TPS. To solve this problem, we present here a simple 
treatment planning technique that uses optional software 
outside of the treatment planning system (TPS). 

II. MATERIALS AND METHODS 

The commercially-based TPS XiO-Carbon [5] was used 
in this study and a small software tool was developed. In the 
course of planning, the TPS outputs the machine parameters, 
including the range compensating thickness data. Before 
proceeding to dose calculation, the compensating data file 
can be edited by the external software in order to partially 
modify the compensating data to maximize the sparing of 
normal tissue. Then, the modified compensating data set, 
with other irradiation device parameters, are fed back to-
gether into the TPS as an alternative plan and dose calcula-
tion is performed within the TPS. The selection among the 
many resultant plans is made by comparing their outputs, 
such as dose distributions and dose-volume histograms 
(DVHs) of interest (Fig. 2). 
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Fig. 2 Schematic procedure in treatment planning for making alternatives 
in order to spare normal tissue. 

The modification of compensating data allows the SOBP 
to be shifted deeper at the limited region. Figure 3 shows an 
example of the determination of the editing area, which 
covers critical organ with certain margins, corresponding to 
the required minimum points. For each drilling point in the 
boxed area, additional cut-off is performed. The modified 
thickness (Tmod) can be expressed by the equation: 

Tmod i,j=(T i,j – t0) x (1 – Rcut)+t0 (1) 

where Rcut is cut-off ratio (0< Rcut = <1), which deter-
mines the depth of the proximal surface of the new SOBP, i, 
j are the indexes of the editing points, and t0 is the minimum 
thickness needed in fabrication of the compensator. 

 

Fig. 3 Beam’s eye view of a port in the treatment planning system. Small 
dots represent the drilling grid. Drilling points to be edited are determined. 
In this case, the critical organ is right optic nerve (RON) in purple. The 
editing is limited to the rectangular region. 

 

Fig. 4 Isodose curves on an axial image of the CT slice where the right 
optic nerve (RON: purple) is involved. The planning target volume (PTV: 
yellow) around the left optic nerve is covered by the irradiation from the 
right side of the patient (from the left in this sheet). (A) with the original 
range compensator. (B) with the modified compensator produced by the 
editing method in this study. 

III. RESULTS 

Figures 3 to 5 show an application of this method for a 
treatment plan for a head-and-neck tumor. In this case, the 
tumor is located around the left optic nerve (LON) and three 
different directions of port are selected for the whole irrad-
iation treatment. Only the port on the right side is illustrated 
here. The right optic nerve (RON) is included in the irra-
diated volume of this port, however, the RON needs to be 
protected so as to avoid causing visual loss. The dose at the 
RON, therefore, should be kept as low as possible. Figure 3 
represents a view of the port with the RON designated in 
purple and the cross dots indicating the grid point of the 
compensator for drilling. From this view of the CT images 
of the TPS, one can determine the area to be processed and 
obtain a rough estimation of the SOBP shifting. Figure 4 
shows the dose distribution on an axial CT image for the 
two plans, (a) with original compensator and (b) with com-
pensator modified by this editing method. The proximal part 
of the SOBP made originally by the TPS unfortunately 
covered some areas of the RON (Fig.4 (a)). The high dose 
area over 95% of that prescribed for this port (surrounded 
by red line) overlapped at both ends of the RON. However, 
with the modified compensator, the high dose area was 
shifted deeper and the 70% isodose line (purple) was lo-
cated along the RON (Fig.4 (b)). In this case, the amount of 
thickness reduction from that originally determined by the 
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TPS is 60% (which means Rcut=0.6 in the equation (1)) at 
each grid point. The DVHs of RON and PTV are shown in 
Fig. 5, where both curves of PTV are almost the same, 
while the curve for the RON with the modification is sub-
stantially suppressed compared to the original at the high 
dose region. 

 

Fig. 5 Dose-Volume histograms of the right optic nerve (RON: red) and 
the planning target volume (PTV: blue) for the case shown in figure 4. The 
broken line corresponds to the original plan and solid line represents the 
modified plan. 

IV. DISCUSSION 

As shown in the dose distributions and in the DVH, the 
difference between plans is notable, as the high dose region 
of the RON is decreased with the modified compensator 
while still keeping the high dose coverage for the PTV. The 
conventional method for achieving a similar effect would be 
to decrease the weight of the beam of this port, while in-
creasing the weight of another port. These methods together 
would make the dose at RON sufficiently low. 

When a tumor occurs in the liver, this technique is appli-
cable for sparing digestive organs or the spinal cord from 
injury, as occurs in rare instances. The protection of skin 
would be the most common application of this method, for 
example, in cases of shallow-seated tumors, which can 
occur almost anywhere in the body. In these cases, unlike in 
the head-and-neck site, the depth of the tumor is almost 
constant in radiological length, so that the optimum thick-
ness of compensator would be the minimum value (Rcut 
~1.0). 

This outcome in dose distribution, that is, the partial 
SOBP shifting, could also be achieved by commonly-used 
TPS alone, using the delineation techniques already men-

tioned. However, the modification of the compensator pre-
sented here needs neither elaborate calculation nor re-
contouring and its effectiveness will be instantly apparent. It 
is suitable literally for cut and try. Since the software tool 
can create many modified data sets at a time by varying the 
amount of thickness reduction, the optimum Rcut in equation 
(1) can be readily determined by the selection among the 
dose distribution output for these. 

The amount of reduction in terms of normal tissue dose 
will depend on the ratio between the dose at SOBP and that 
of the upstream plateau. Therefore, a smaller SOBP-width is 
more favorable, as it means there will be a thinner target 
volume along the beam direction. When the tumor size is 
too small, such as in the case of particle therapy for ocular 
melanoma, there would be little advantage in using three-
dimensional irradiation. Under the limited conditions that 
the other outstanding technique cannot be used, it would be 
reasonable to take up the plan provided by this method as a 
candidate for sparing serious organs from injury during 
particle radiotherapy of passive beam delivery. 

V. CONCLUSIONS 

Partial SOBP shifting can be easily performed using an 
editing method for range compensator data. This provides 
one solution for sparing critical organs, while keeping the 
high dose on the target volume in two-dimensional particle 
therapy. 
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A new device for the measurement of the absorbed dose to water  
for low energy x-ray sources used in brachytherapy 

T. Schneider1, M. Meier1 and H.J. Selbach1 

1 Physikalisch-Technische Bundesanstalt, Braunschweig, Germany 
 

Abstract— The Physikalisch-Technische Bundesanstalt 
(PTB) is developing a primary standard to determine the ab-
sorbed dose to water within a water phantom for X-ray 
brachytherapy sources such as I-125 and Pd-103. A candidate 
for the standard to be newly established is a water-equivalent 
parallel-plate ionization chamber with continuously adjustable 
electrode spacing, forming an extrapolation chamber in a 
phantom of water-equivalent material. 

A newly contructed exemplar of this chamber was put into 
operation. The chamber design is presented and the method of 
evaluation is summarized briefly. Results obtained with this 
chamber for ISO reference x-ray radiation qualities N20, N25, 
N30 were compared to those obtained by a free-air chamber, 
when a conversion factor to the absorbed dose to water is 
applied. 

A good agreement within 2 % of the values for the absorbed 
dose to water obtained by the two methods could be stated, 
which demonstrate that the operability of the chamber is now 
given. 

 
Keywords— absorbed dose to water, brachytherapy, extrapola-

tion chamber. 

I. INTRODUCTION  

Dosimetry for low-energy interstitial brachytherapy x-ray 
sources is currently based on source calibrations in terms of 
the reference air kerma rate (RAKR) or air kerma strength 
(AKS). As patient dosimetry is based on the absorbed dose 
to water, a conversion formalism as published by the 
American Association of Physicists in Medicine (AAPM), 
known as the TG-43 protocol [1] and its update (TG-43U1) 
[2], is required. The overall standard uncertainty in deriving 
the dose at a point near the source from RAKR or AKS 
using the protocol is estimated to be about 8 % (k=1). De-
viations of 8 % between prescribed and administered doses 
have to be regarded as clinically significant. A direct cali-
bration in terms of the absorbed dose to water would reduce 
this uncertainty. 

A large, air-filled, parallel-plate extrapolation chamber in 
a phantom of water-equivalent material was constructed to 
serve in future as a primary standard for the direct meas-
urement of the absorbed dose to water. It is expected that 
the standard uncertainty of the direct realization of the unit 
of the absorbed dose to water can be significantly decreased 
to 2 % (k=1). 

The subject of the present work was to measure the ab-
sorbed dose to water for standard X-radiation qualities with 

tube voltages between 20 kV and 30 kV with the new 
chamber and to verify the results by comparison with air 
kerma rate measurements free in air. 

The chamber design and the method of evaluation are 
briefly presented. Measured values for the absorbed dose to 
water obtained with the chamber are shown. They are com-
pared to those obtained from air kerma measurements free 
in air and applying an MC-based conversion factor to the 
absorbed dose to water for the conditions of the experiment. 

II. MATERIALS AND METHODS 

A. Extrapolation chamber set-up 

The entrance and the back plate of the extrapolation 
chamber are made of a water-equivalent material (RW1) [3] 
with a measured density of 0.976 g/cm³ (see Fig.1). The 
thickness of the entrance plate (10.49 mm) defines the 
measurement depth within the water phantom (10.24 mm). 
Graphite was sprayed onto the inner side of the entrance 
plate. Biased at the potential U, this layer acts as the polar-
izing electrode and serves as the reference plane for the 
measurement. 100 mm in front of the reference plane an 
exchangeable aperture is positioned defining the cross-
sectional area for the measuring volume at the reference 
plane. For the presented measurements the aperture used 
was 2 cm in diameter. The back plate was chosen to be 
60 mm in thickness. In front of the back plate, a polyethyl-
ene foil is located. By spraying graphite onto this foil, a 
center collecting electrode and an outer guard ring both at 
ground potential are built. The diameter of the collecting 
electrode amounts to 100 mm. 

The air kerma measurements free in air were performed 
by means of PTB’s primary standard for the air kerma 
PK 100 [4] under otherwise unchanged conditions. The 
PK 100 is a parallel-plate free-air chamber with an electrode 
separation of 234 mm, an electrode height of 240 mm and a 
collecting electrode length of 20.02 mm.  

During the measurements, the reference plane of the 
PK 100 (2 cm in diameter) was at the same position as the 
measuring volume of the extrapolation chamber with van-
ishing plate separation which represent the reference plane 
of the extrapolation chamber. 
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B. Method of evaluation 

The method of evaluation is a further development of the 
method described in [5] and is based on two fundamental 
terms in dosimetry: First, the relation between the absorbed 
dose in a volume and the increment of ionization charge per 
increment of volume element. Second, the relation of the 
absorbed dose and the kerma at the same point in a given 
medium. 

For the given extrapolation chamber with parallel plates 
the size of the measuring volume V(x) of the extrapolation 
chamber is given by the area A’ of the measuring electrode 
and the plate separation x. With the ionization constant 
(W/e) and the density of air    the absorbed dose can be 
determined in an infinitesimal volume element from the 
increment of the ionization charge Q per increment plate 
separation x: 

 
1

a

W dQ
D x

e A dx

( )( ) =
′

x    (1) 

 

According to [6] the relation between the absorbed dose 
to air Da( ) at a point described by the vector   and the air 
kerma Ka( ) at the same position is given by: 

 

a a
1 div eD K B Ψ νν ν ν ( )( ) = ( ) − ( ) −
ρ

.  (2) 

B( ) is the dose contribution of the bremsstrahlung gen-
erated by the secondary electrons which can be neglected 
for X-radiation in the energy region considered, and 

 is the energy fluence of the secondary electrons. )(e

By this method, the ionization charges Q(xi+1) and Q(xi) 
for two plate separations 1ix  and ix , which are greater 

than the range of the secondary electrons SEEx , were meas-
ured. From equations 1 and 2 it follows that: 
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Figure 1. Set-up for extrapolation chamber measurements  

 

( )

+1

+1

+1

ph ph
a a

V( ) V( )

V( ) V( )

1  Q( ) ( )

( )d ( )d

1 div ( )d div ( )d

i i

i i

i i

x x

e e

x x

e

W
x Q x

e A

K K

  

Ψ

ρ

ν ν ν ν

Ψ ν ν Ψ ν ν
ρ

Δ

− =
′

− −

⎛ ⎞
−⎜ ⎟⎜ ⎟⎝ ⎠

∫ ∫

∫ ∫

 (3) 

 

The integrals on the right side of the equation are volume 
integrals of the air kerma or the divergence of the energy 
fluence of the secondary electrons at a point within the 
measuring volumes V(xi), V(xi+1).These volumes are defined 
by the plate separation xi and xi+1 and the area A’. The inte-
grals in the third line will be subsumed as  in the fol-
lowing. 

eΨΔ

By the application of Gauss' law,  can be taken as 
the difference of two surface integrals of the energy fluence 
of the secondary electrons through the surface of the meas-
uring volume. Thereby each surface integral describes the 
energy transport into or out of the measuring volume due to 
the secondary electrons for the given plate separation.  

eΨΔ

In the present arrangement the irradiated volume is much 
smaller than the measuring volume so that the differences of 
both integrals forming  can be neglected. 

eΨΔ
The formula to determine the water kerma in a phantom 

is obtained by the introduction of a conversion factor 
 obtained by Monte Carlo simulations, which is 

composed of three terms related to the water or air kerma 
inside the phantom: the integral of the air kerma over the 
measuring volumes V(x

1( , )i iC x x+

i) and V(xi+1) at the plate separation 
xi or xi+1 and the water kerma  when no air volume is 
present in the phantom. 
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As the water kerma  is defined under the condi-
tion that no air volume is present, a secondary electron 
equilibrium is established at this position and in case of a 
water-equivalent phantom material  is equal to the 
absorbed dose D

ph
w (0)K

ph
w (0)K

w(0) at this position. 
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In this formula the cross section A is the cross section of 

the irradiated volume in the plane of zero plate separation. 
As only kerma values are of concern, the conversion fac-

tor has the advantage that only photon transport has to be 
considered in the MC calculations. This avoids electron 
transport calculations, which are time-consuming and by 
which problems at the interface of two materials or in small 
volumes may occur. 

III. RESULTS AND DISCUSSION 

Problems with high leakage currents of the chamber re-
ported earlier [7] were fixed and not observed in the meas-
urements reported here.  

The absorbed dose to water was determined with the pre-
sented extrapolation chamber and evaluation method for the 
ISO 4037 [8] radiation qualities N20, N25, N30 with mean 

energies of 15.3 keV 19.2 keV and 24.2 keV. The results for 
each radiation quality and for various plate separations are 
given in Fig 2. 

The mean values of Dw for each radiation quality is rep-
resented by the black horizontal lines. The standard devia-
tion of these values are between 0.3 % and 0.6 %. The error 
bars given reflect the statistical uncertainty of the measure-
ment. Currently not all contributions to the uncertainties are 
finally analyzed. 

With the PK 100, the PTB primary air kerma standard for 
low-energy X-radiation, the air kerma free-air was deter-
mined for the same radiation qualities. For each radiation 
quality, a conversion factor Ca,w determined by MC calcula-
tions was applied to obtain the values for the absorbed dose 
to water Dw for the conditions of the experiment. 

The values for the absorbed dose to water obtained by the 
two methods are listed in tab. 1. The uncertainty of the 
absorbed dose to water determined via the free-air chamber 
is mainly given by the uncertainty of the con-version factor 
Ca,w and can be estimated to be about 2 %. 

The comparison shows an agreement of the absorbed 
dose to water values obtained by both methods within the 
uncertainties of 2 %. 
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Figure 2. Determined absorbed dose to water values obtained with the 
new extrapolation chamber in a phantom of water equivalent material for 
several differences in plate separation. The value x described the middle 
of the two plate separations and is given by (xi + xi+1)/2. 

Table 1 Absorbed dose to water values determined by the extrapolation 
chamber (GROVEX II) and the free-air chamber (PK 100) for the radiation 
qualities (Q) investigated. The values R represent the ratio of both values. 

T

Q Dw Dw R 
 GROVEX II PK 100  

 μGy μGy  
N20 18.6 19.0 0.98 
N25 7.98 7.98 1.0 
N30 11.4 11.2 1.02 

 

IV. CONCLUSIONS  

With the new extrapolation chamber in a phantom of wa-
ter equivalent material the absorbed dose to water for stan-
dard X-radiation qualities with tube voltages between 20 kV 
and 30 kV were measured. The results were verified by 
comparison with air kerma measurements free in air and 
applying a calculated conversion factor to the absorbed dose 
to water. The comparison shows a satisfying agreement 
within the estimated uncertainty of 2 % (k=1). 

This demonstrate that the operability of the chamber is 
now given, and gives rise to the hope that in future, this 
extrapolation chamber can serve as primary standard in 
terms of absorbed dose to water. 
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Abstract— Tumor therapy using particle beams is highly 
precise and requires methods for monitoring of dose delivery. 
Solutions based on positron emission tomography (PET) are 
successfully implemented for the radiation therapy with car-
bon ions and protons at the Gesellschaft fü r Schwerionenfor-
schung, Darmstadt, Germany, at the Heavy Ion Medical Ac-
celerator at Chiba, Japan, at the Massachusetts General 
Hospital, Boston, USA, at the Hyogo Ion Beam Medical Cen-
ter, Japan as well as at the National Cancer Center Kashiwa, 
Japan. Furthermore, the PET monitoring technique has been 
tested experimentally for 3He, 7Li, and 16O. The main require-
ments for the PET monitoring are (1) to produce images con-
taining relevant information for the evaluation of dose delivery 
and (2) to reduce the additional time required for imaging as 
much as possible. There are three technical realizations: (1) In-
beam PET (measurement during the irradiation), (2) In-room 
PET (measurement immediately after the irradiation of each 
portal using a PET scanner placed in the therapy room), 
(3) Off-line PET (measurement after the complete irradiation 
by means of a PET scanner located in a different room). These 
three concepts have been evaluated concerning workflow, 
counting statistics, and imaging. The treatment workflow is 
mostly affected by off-line PET. In the case of in-room and off-
line PET, the counting statistics is approximately one half of 
that for in-beam PET if reasonable measuring times (≤ 15 min) 
are assumed. Furthermore, there is an information loss using 
off-line PET. Thus, in-beam and in-room PET are the most 
feasible concepts to integrate PET into the particle therapy for 
dose monitoring. 

Keywords— Positron emission tomography, dose monitoring, 
particle therapy 

I. INTRODUCTION  

In the context of high precision tumor therapy with parti-
cle beams, methods for monitoring the therapeutic irradia-
tion are of high relevance. Due to the highly tumor confor-
mal dose distributions, which can be applied by means of 
protons or heavier ions, monitoring the therapeutic process 
is an essential part in quality assurance of radiation therapy. 
Patient positioning has to be controlled and occurring devia-
tions between planned and actually delivered dose should be 

quantified and compensated for, e.g. by means of a modi-
fied treatment plan.  

The PET monitoring technique is based on the detection 
of positron emitters (predominantly 11C and 15O) generated 
by the therapeutic beam due to nuclear reactions between 
incoming particles and nuclei of the tissue. Since the gener-
ated β+ activity distribution correlates with the deposited 
dose distribution, conclusions about the exactness of the 
irradiation can be obtained. This PET technology has been 
investigated in a clinical environment for carbon ion and 
proton therapy at the Gesellschaft für Schwerionenfor-
schung (GSI), Darmstadt, Germany [1], at the Heavy Ion 
Medical Accelerator at Chiba, Japan [2], at the Massachu-
setts General Hospital (MGH), Boston, USA [3], at the 
Hyogo Ion Beam Medical Center, Japan [4], and at the 
National Cancer Center Kashiwa, Japan [5]. In addition, the 
PET method has been tested experimentally for the irradia-
tion with 3He [6], 7Li [7], and 16O [8]. 

The clinical applications of PET for therapy monitoring 
demonstrate the high potential for the verification of the ion 
range in vivo and the patient positioning as well as for the 
detection of unpredictable density changes. For the best 
possible operation, the PET system should be integrated 
into the therapy installation as well as into the treatment 
process. There are three main possibilities of realization: 

1. In-beam PET 
An adapted PET scanner is combined with the beam de-
livery and operated during the patient irradiation. 

2. In-room PET 
A conventional PET scanner is positioned inside the 
treatment room and the PET measurement is performed 
shortly after the patient treatment. 

3. Off-line PET 
A conventional PET scanner is situated in vicinity to, 
but not inside the treatment room. Thus, the β+ activity 
is measured several minutes after the patient treatment. 

These three concepts have been evaluated concerning 
treatment workflow, counting statistics, imaging, and inte-
gration efforts based on the experiences and patient data 
obtained for 12C ion irradiation at GSI, Darmstadt. 
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II. METHODS AND MATERIALS 

A. Therapy workflow 

For an optimal patient throughput the PET measurement 
should interfere minimally with the therapy process. To 
identify the optimal PET concept, a detailed workflow study 
was performed based on the experiences gathered at GSI 
and MGH. For this, some aspects were assumed as follows: 

1. Treatment: 
a) Number of irradiation fields = 2 
b) Irradiation time for each field = 2 min 

2. In-beam PET 
a) PET measuring time = irradiation time + 40 s 
b) Measurement simultaneously to the irradiation 

3. In-room PET 
a) PET measuring time = 3 min 
b) Start of measurement 1 min after the irradiation 

4. Off-line PET 
a) PET measuring time = 30 min 
b) Start of measurement 10 min after the irradiation. 

B. Counting statistics 

The evaluation of the counting statistics which would be 
obtained for the three technical concepts in-beam, in-room 
and off-line PET is based on patient data measured during 
carbon ion patient irradiation (in-beam PET) at GSI with the 
integrated double-head PET scanner BASTEI [9]. Nor-
mally, the PET measurement is performed simultaneously 
with the irradiation and additionally for 40 s after the irra-
diation. Thus, it represents the activity build-up as well as 
the activity decay. For one voluntary patient with head-and-
neck tumor the measurement time after the irradiation was 
increased from 40 s to 20 min for one field of each fraction. 
This was done in order to calculate the decay rate for the in-
room and off-line PET concepts. 

The number of measured events was determined for the 
irradiation time plus 40 s of the decay time that represent 
the in-beam PET concept. For the estimations of in-room 
and off-line PET, the measured decay data were fitted for 
each fraction to an exponential with the half-lives of 10C, 
11C, and 15O. Using the determined exponential functions 
the number of events was calculated under the assumptions 
3 and 4 listed in section II.A. In addition, the number of 
events was calculated for a measuring time of 1 min in the 
case of in-room PET and of 15 min for off-line PET, respec-
tively.  

All obtained numbers of events were averaged over the 
number of fractions and scaled to an irradiated volume of 
1 l and a dose of 1 Gy. They represent the number of events 
for only one irradiation field. 

Fig. 1 Schematic illustration of the activity build-up during the irradiation 
and the activity decay after the irradiation in combination with the three 
PET concepts: in-beam PET, in-room PET, off-line PET. The curve is 

based on PET measurements for one patient measured by means of 
BASTEI, averaged over all fractions and smoothed. 

The time curve of the number of events is illustrated in 
Figure 1 in combination with a scheme of the three con-
cepts: in-beam, in-room and off-line PET. 

C. PET imaging 

To verify the PET imaging for the three proposed con-
cepts, simulations were performed. At first, the distribution 
of the annihilation points was calculated using a real treat-
ment plan of one patient which was treated at GSI. After-
wards, the PET measurement was simulated taking the 
counting statistics for the three PET methods into account. 
The in-beam PET scanner was supposed to be a double-
head PET system like BASTEI since an integration of a 
full-ring PET scanner into the treatment device is hardly 
feasible. But contrary to BASTEI, a modern concept was 
assumed which consists of more and improved detectors 
with a scanner surface of 5192 cm² compared to 1704 cm² 
for BASTEI. In the case of in-room and off-line PET a full-
ring PET scanner was supposed. The effective surface of the 
full-ring system was assumed to be the same size as for the 
double-head system. Thus, the geometrical effectiveness 
was around 15 % for the full-ring and the double-head sys-
tems in contrast to 6 % for BASTEI. But due to the time 
interval between the end of the irradiation and the start of 
the PET measurement, the counting statistics for in-room 
and off-line PET is reduced. The patient treatment plan used 
for the simulations comprises two opposing irradiation 
fields (cf. Figure 2). For the verification of the in-beam and 
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in-room PET concepts, only the activity distribution of the 
first irradiation field was determined. In the case of off-line 
PET, a measurement subsequent to the first irradiation field 
is impossible. Hence, both fields were superimposed con-
sidering the time interval between them and the activity 
distribution was determined for the superimposition. 

  
Fig. 2 Dose distribution (colored iso-contourlines) superimposed on the 

patient CT for the first (left) and second (right) irradiation field. The dose 
was 0.66 Gy for the first and 0.37 Gy for the second field. 

Fig. 3 Scheme of the treatment workflow for the three PET concepts: in-
beam PET (top), in-room PET (middle), off-line PET (bottom). 

Regarding reasonable measuring times, i.e. 3 min for in-
room and 15 min for off-line PET, the number of events is 
approximately one half of that for in-beam PET.  

III. RESULTS AND DISCUSSION 

The result of the workflow analysis is shown in Figure 3.  
In-beam PET integrated fully into the treatment device 
offers the most efficient solution concerning the treatment 
workflow. In contrast, off-line PET is the most time-
consuming one since the low count rate has to be compen-
sated for by an increased measuring time. Because of the 
long measuring time and the expected high number of pa-
tients a dedicated PET/CT scanner is required for treatment 
monitoring. It cannot be expected to be used simultaneously 
for diagnostic imaging or treatment planning purposes. 
Moreover, the patient needs to be mobilized and reposi-
tioned for imaging. Consequently, a transmission scan (e.g. 
a CT scan) is required to ensure the correlation between the 
patient positions for irradiation and PET imaging. The 
workflow in the treatment room is not affected by off-line 
PET if the PET monitoring is performed after the complete 
treatment. It is obvious that in the case of a multi-field irra-
diation scheme, a monitoring of only the first delivered field 
is virtually impossible with off-line PET.  

The determined numbers of events are summarized in 
Table 1 for all three PET methods based on the in-beam 
PET measurements for one patient at GSI including decay 
measurements of 20 min.  

These counting estimations show that there is a decrease 
in the number of events with increasing the time interval 
between irradiation and PET measurement. This reduction 
in counting statistics can be compensated partly by increas-
ing the measuring time. 

In the case of off-line PET, a measuring time of about 
30 min is necessary to achieve approximately the same 
number of events as for the in-beam PET measurement, in 
line with the findings of [10]. 

The reported number of events was determined for the 
in-beam PET system BASTEI at GSI, Darmstadt. That 
means that for the in-room and off-line estimations a dou-
ble-head PET camera similar to BASTEI was assumed to be 
used. By improving the PET system as already explained in 
section II.C, the number of events can be increased by a 
factor of about 2 to 3 for all three concepts. 

Table 1 Number of events N measured by means of BASTEI (in-beam 
PET concept) or calculated (in-room and off-line PET) for the measuring 

time t as well as the time interval Δt between the end of the irradiation and 
the start of the PET measurement are given. All numbers of events are 

scaled to an irradiated volume of 1 l and a dose of 1 Gy. 

 Δt 
[min] 

t 
[s] 

N  
[103 counts / Gy l] 

In-beam PET simultaneous 313 107.5 
60 21.1 

In-room PET 1 
180 50.1 
900 57.9 

Off-line PET 10 
1800 97.0 

 
The β+ activity distributions for one exemplified patient 

that can be measured with in-beam, in-room or off-line PET 
is shown in Figure 4. The essential aspect of the clinical 
application of PET is the verification of the ion range and of 
the patient positioning. 

The patient positioning can be verified in all three images 
using anatomical landmarks: high activity corresponds to 
the bony structures; low activity corresponds to the cavities. 
Image noise increases for in-room and off-line PET. The 
range can only be detected for in-beam and in-room PET. 
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Fig. 4 β+ activity distributions for in-beam (left), in-room (middle), and off-line PET (right). The PET images are calculated for the first irradiation field (in-

beam and in-room PET) or the superimposition of both irradiation fields (off-line PET) based on the patient treatment plan illustrated in Figure 2. The ion 
range (marked by the red line) can be verified only for in-beam and in-room PET. 

In the case of off-line PET, the activity distribution of the 
second irradiation field is superimposed with the remaining 
activity of the first field. Consequently, the information 
about the ion range in one of the fields is affected by the 
other field [10]. Thus, the clinical application of off-line 
PET is reduced for opposing treatment fields. Using angu-
lated fields, the ion range can be verified also with off-line 
PET as its clinical implementation at MGH could show [3]. 

IV. CONCLUSIONS  

Positron emission tomography is a valuable method for 
dose delivery monitoring in the case of the high precision 
particle therapy. Three different concepts can be proposed 
for the PET integration into the treatment device and work-
flow: (1) In-beam PET using an integrated PET scanner to 
measure the β+ activity simultaneously with the irradiation, 
(2) In-room PET using a conventional PET scanner inside 
the treatment room to measure the activity subsequent to the 
irradiation, (3) Off-line PET using a conventional PET/CT 
scanner outside the treatment room to measure the activity 
several minutes after the irradiation. All solutions have been 
investigated concerning the treatment workflow, the count-
ing statistics and the PET imaging. The impact on the work-
flow inside the treatment room is reasonable for all three 
PET concepts. But for off-line PET the effort outside the 
treatment room is much higher and more time-consuming. 
The counting statistics decreases for in-room and off-line 
PET. This results in noisier images. Assuming reasonable 
measuring times of 3 min and 15 min, respectively, the 
counting statistics for in-room and off-line PET is about one 
half of that for in-beam PET. Moreover, there may be a loss 
of information due to the superimposition of various irradia-
tion fields in the case of off-line PET. In summary, the in-
beam and in-room PET concepts seem to be the best solu-
tions for an integration of PET into the particle therapy for 
dose delivery monitoring [10]. It should be taken into ac-

count that the implementation of in-beam PET is most ex-
pensive, since a dedicated double-head PET scanner has to 
be developed and completely integrated into the therapy 
facility. In contrast, for the in-room and off-line PET con-
cepts conventional PET scanners can be deployed. 
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Abstract— Extension of hypofractionated stereotactic radia-
tion therapy to extracranial sites is now possible due to the 
technological improvements in image guidance and immobili-
zation devices. Treatment of non-small cell lung cancer using 
stereotactic body radiotherapy (SBRT) in particular shows 
very promising results. We will present our institution’s initial 
experience of SBRT treatment using a new megavoltage cone-
beam computed tomography (MV-CBCT) imaging beam line 
(IBL) and a new enhanced stereotactic treatment (EST) mode. 
The IBL combines the effects of a low-Z carbon target, lower 
accelerating potential and removal of the flattening filter to 
lower the average photon energy, thereby increasing the image 
quality and lowering the imaging dose. During treatment de-
livery in EST mode, the flattening filter is removed, and moni-
toring equipment is modified, in order to increase the dose rate 
and reduce the treatment time, therefore decreasing the risk of 
patient movement. 

Keywords— Imaging; immobilization; SBRT. 

I. INTRODUCTION  

Hypofractionated stereotactic treatments have long been 
limited to lesions in the brain due to constraints on immobi-
lization and localization accuracy. The use of a rigid frame 
fixed on the patient’s skull ensured the safe delivery of high 
doses of radiation with a 1-mm accuracy either with 
Gamma-Knife® (Elekta, Stockholm, Sweden) or linear ac-
celerator-based X-Knife® (Radionics, Burlington, MA). 
Recent developments in daily pre-treatment imaging using 
cone-beam computed tomography (CBCT) have allowed the 
extension of stereotactic body radiation therapy (SBRT) to 
other sites. In particular, hypofractionated treatments for 
inoperable stage I non-small cell lung cancer show local 
control and survival rates that are far better than that of 
conventional radiotherapy with minimal toxicity [1,2].  

The role of image guidance is central to the localization 
of extracranial targets for which external markers may not 
be suitable surrogates to provide sufficient accuracy for 
precision targeting. Kilovoltage (kV) and megavoltage 
(MV) CBCT techniques play an increasing role in the proc-
ess. The limitation of MV-CBCT is the decreased image 
quality necessary to keep imaging dose at acceptable levels, 
which may deteriorate the imaging accuracy, rendering it 

less suitable for SBRT. Additionally, it is difficult to fully 
immobilize the treatment site for the duration of the treat-
ment without the use of a rigid frame. 

The purpose of this paper is to present our initial experi-
ence of hypofractionated treatment, using a low-Z target 
imaging beam line for MV-CBCT which increases the im-
age quality without increasing the imaging dose, and an 
unflattened beam at high dose rate, which shortens the 
treatment duration. 

II. METHODS AND MATERIAL 

An Artiste® linear accelerator (Siemens Medical Solu-
tions, Concord, CA), equipped with a 160-leaf multileaf 
collimator (MLC) with leaf width of 5 mm, and MV-CBCT 
capability was commissioned in the Summer of 2008 at our 
institution. In the Spring of 2009, the MV-CBCT will be 
replaced with a new Imaging Beam Line (IBL). The tung-
sten target (Z=73) will be replaced with a graphite target 
(Z=6). The linac accelerating potential will be reduced from 
6 MeV to 4.2 MeV, and the flattening filter will be re-
moved. The combined effect of these steps significantly 
reduces the average energy of the photons reaching the 
patient (depth of maximum dose dmax of 0.85 cm compared 
to 1.5 cm for a 6 MV beam), thereby reducing the dose 
required to produce an image while improving the image 
quality [3]. 

At the same time, a new treatment mode (Enhanced 
Stereotactic Therapy, EST) will be made available on the 
Artiste. With the flattening filter removed, and modification 
to the monitoring equipment, we will be able to treat at the 
accelerated rate of 1000 MU/minute compared to the cur-
rent 300 MU/minute. This will reduce the beam-on time by 
a factor of more than 3, thereby decreasing the risk of pa-
tient movement during delivery. Both the IBL and the EST 
projects were submitted to and approved by our Institutional 
Review Board (IRB). 

To ensure the equivalence of flat and unflat beam treat-
ment plans, depth dose and profile data for the unflat beam 
were obtained on the Artiste linac and modeled in the XiO® 
treatment planning system (Computerized Medical Solu-
tions, St Louis, MO). Treatment plans were developed using  
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Figure 1: From left to right: axial, sagittal and coronal views for the flat beam plan (upper row) and unflat beam plan (lower row) for a lung SBRT case, 
with the 40 Gy isodose line indicated by the arrow. 

both methods for a lung SBRT case. Additionally, leakage 
measurements were taken 2 m away from isocenter, with 
and without the flattening filter, to ensure safe radiation 
delivery with a modified gantry head. 

III. RESULTS 

A quantitative analysis of image quality has been re-
cently reported for the IBL [3] with images of phantoms and 
cadavers. For similar imaging doses, the contrast-to-noise 
ratio was improved up to 3-fold and the spatial resolution 
was increased by a factor 2 compared to conventional MV-
CBCT. It was reported that “images of the cadaver con-
tained useful information with doses as low as 1 cGy.” 

Figure 1 shows the axial, sagittal and coronal slices for 
the flat (top) and unflat (bottom) beam plans, with the pre-
scribed 40 Gy isodose line identified by the arrow. Com-
parison analysis shows that both plans are equivalent, with a 
3% higher hot spot inside the tumor for the unflat beam 
plan. These results are compatible with recent publications 
[4,5]. 

Table 1 shows results of the leakage measurements 2 m 
away from isocenter, as a percentage of isocenter dose, for 
the flat and unflat beam. Both are significantly less than the 
limit of 0.1% imposed by International Electrotechnical 
Committee (IEC) and Pennsylvania regulations. Moreover, 

the radiation leakage is further reduced by the removal of 
the flattening filter due to the decrease in scattering. 

Table 1: Maximum leakage 2 m from isocenter with and without the 
flattening filter for different treatment couch orientations, as a percentage 

of isocenter dose 

Treatment couch 
orientation 

With flattening filter Without flattening 
filter 

0° 0.007% 0.004% 
90° 0.008% 0.004% 
270° 0.009% 0.004% 

 

IV. DISCUSSION 

Several institutions currently using the IBL under IRB 
protocols take advantage of the lower imaging dose for an 
image quality that is equivalent to MV-CBCT with the 
conventional tungsten target.  In contrast, we plan to keep 
the imaging dose with the IBL at levels consistent with 
those used for MV-CBCT and take advantage of the result-
ing improved image quality. The imaging dose from a 
mega-voltage system can easily be modeled in the treatment 
planning system. Therefore it can be taken into account in 
the treatment plan [6,7] so as not to increase the total treat-
ment prescription dose. In particular for lung tumors, respi-
ratory motion over the 45-55 seconds during which the 
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CBCT scan is acquired tends to blur the edges of the tumor. 
The asymmetry of respiratory motion leads to one edge of 
the tumor being more sharply defined than the opposite 
edge, which may result in inaccurate positioning. Therefore 
only a high quality imaging system can allow for the sig-
nificant reduction of margins that is necessary in hypofrac-
tionated treatment. 

In principle, the EST mode is not limited to stereotactic 
treatment and could be used for any 3D conformal treat-
ment.  However, in practice, it is not suited for IMRT deliv-
ery for which segments are too short for the beam to stabi-
lize and for the monitoring system to establish beam 
symmetry. Most of our lung SBRT patients are not treated 
with IMRT because of the uncertainty in instant tumor posi-
tion associated with respiratory motion. For these patients, it 
is expected that the overall treatment time be significantly 
reduced with the higher dose rate.  

V. CONCLUSION 

We will present our institution’s initial experience with 
stereotactic body radiation therapy with the new Siemens 
megavoltage conebeam imaging beam line and enhanced 
stereotactic treatment mode. We anticipate that the im-
proved image quality as well as shorter treatment times will 
lead to improved patient setup and targeting and more reli-
able immobilization, which are essential to the success of 
hypofractionated treatment. Future developments will in-
clude the integration of kV-CBCT imaging and further 
increase in the dose rate up to 2000 MU/minute. 
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Abstract—The quality of radiosurgery and fractionated 
stereotactic radiotherapy treatments of brain lesions per-
formed during 2008 at IPOCFG, E.P.E., Coimbra, Portugal is 
assessed in terms of dose-volume indexes, namely the confor-
mity index. The irradiation technique is based on a micro-
multileaf collimator with dynamic conformal arcs for ra-
diosurgery and multiple conformal beams for fractionated 
stereotactic radiotherapy. The dependence of the conformity 
index with the resolution of the calculation grid is discussed. 
For fractionated stereotactic radiotherapy the critical organs 
near the target are taken into account in the definition of the 
conformity index and the penalties resulting from this inclu-
sion are discussed. The local clinical acceptance criteria in 
terms of coverage and conformity are also presented. The 
coverage criteria of 95% has been always accomplished and 
well surpassed. For radiosurgery treatments the average con-
formity index was 0.593±0.071 whereas for fractionated stereo-
tactic radiotherapy it was 0.584±0.094 with a loss of 9.2%, on 
average, if the penalty factors for the critical organs are taken 
into account. 

 
Keywords— radiosurgery, fractionated stereotactic radiother-
apy, conformity index, coverage index 

I. INTRODUCTION  

Despite the fact that the outcome of a radiation treatment 
is far too complex to be evaluated by a simple or single 
parameter, the calculation of a conformity index that could 
facilitate decisions during treatment planning constitutes an 
attractive option. It does not replace the use of dose-volume 
histograms and a careful analysis of the dose distribution on 
the CT slices. Nevertheless it can help the selection of the 
best treatment plan. Conformity index (CI) is defined in 
ICRU 62 Report [1] from previous RTOG recommenda-
tions [2], imposing that “the PTV is fully enclosed by the 
Treated Volume”. This means that 100% coverage is as-
sumed. Thus CI is defined as the ratio between the Treated 
Volume (reference isodose volume) and the planning target 
volume (PTV). This is basically the same index proposed by 
Knöös at al. the year before [3] – the Radiation Conformity 
Index (RCI). Concerning conformity (applied to brachy-
therapy) van’t Riet et al. [4] proposed the conformation 
number (CN) that does not impose a full coverage. So CN is 
defined as the coverage index multiplied by a second term 
that refers to the volume of healthy tissue receiving a dose 
greater than the reference dose. This definition was renamed 
by Baltas et al. [5] as COIN (Conformity Index) = c1xc2, 

being c1 the coverage index and c2 the same term defined 
in CN. These authors added some refinements to the c2 
index to include cases where critical structures are close to 
the target. All these indexes and even others are reviewed in 
a 2006 paper [6]. 
 The treated cases of radiosurgery (RS) and fractionated 
stereotactic radiotherapy (FSRT) using the COIN definition 
with or without the multi-factorial index (depending on the 
clinical cases) were analyzed in this study. The dependence 
of the indexes on the calculation grid size was also dis-
cussed. 

II. METHODS AND MATERIALS 

RS refers to the precise irradiation of small brain lesions in 
a single session using a rigid stereotactic frame whereas 
FSRT is the term used to classify the use of a stereotactic 
system of immobilization to perform the conventional frac-
tionated radiotherapy treatments. RS and FSRT treatments 
started at our hospital in February 2008, after a major mod-
ernization of the radiotherapy department. Both immobiliza-
tion systems are from BrainLab – the stereotactic head-ring 
for RS and the Head & Neck mask system that enables 
treatment to T1. Both treatment modalities are performed 
using the m3 micro-multileaf collimator of BrainLab, with 
full advanced integration in a Siemens Oncor Avant-Garde 
linear accelerator. The new 550 TXT treatment table has 
been adapted in order to accommodate the BrainLab acces-
sories – couch-mount for RS head-ring adapter and carbon 
fiber patient tray with H&N micro adjustment devices for 
FSRT. 

A full quality control program has been developed. The 
general commissioning of the complete system included 
quantitative analysis concerning both isocenter accuracy 
and dose delivery. The overall accuracy of isocenter posi-
tioning in a typical six conformal dynamic arc technique is 
within 0.6 mm. Absolute dose accuracy was tested through 
a multi-center TLD dosimetry audit for narrow beams [7]. 
The pre-treatment tests for each radiosurgery patient include 
the Winston-Lutz test, a garden-fence intensity map and an 
absolute dose test. Also an independent MU calculation is 
performed using a home-made software. 

The irradiation technique is based on 5 to 7 dynamic con-
formal arcs for RS and multiple conformal beams for FSRT, 
always with a single isocenter for each lesion. 
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The treatment planning system (TPS) is the iPlan RT 
Dose v. 3.0. from BrainLab. The so called adaptive grid is 
the option used in clinical treatments for the calculation of 
the dose matrix. If this option is enabled the grid size is 
automatically adapted to the volume of small structures and 
so guarantees at least 10 calculation points in all directions. 

Till now 26 brain lesions (14 metastases; 4 meningiomas; 
2 cavernous angiomas; 1 AVM; 2 acoustic neurinoma; 3 
other tumors) were treated with RS, ranging in volume from 
0.19 to 9.90 cc (mean 3.78±2.64cc). With FSRT, just 9 
patients have been treated mainly with meningiomas (mean 
volume 23.19±18.23 cc).  

For each patient the treatment protocol includes the cal-
culation of different dose-volume indexes. The coverage 
index (CI) is defined by the percentage of planning target 
volume (PTV) that is covered by the prescription isodose. 
CI can also be expressed in absolute volume (cc). The con-
formity index, COIN, which coincides with the conforma-
tion number of Van’t Riet et al.[4] whenever there are no 
critical organs near the PTV, can be written as: 

 

)cc(V)cc(V

)cc(CI
COIN

PTVisoref

2

   (1) 

 
For PTVs near critical organs, we calculated the confor-

mity index, referred as COIN´, taking into account the deg-
radation of its value through multiplicative factors defined 
by: 

i CO

i
CO

V

V
1COIN´COIN ref   (2) 

 
one for each critical organ i, where VCOref  is the volume of 
the critical organ (CO) that received a dose greater than the 
prescription dose and VCO the volume of that critical organ. 

 Also the RTOG defined indexes for homogeneity (ratio 
of the maximum dose to the prescribed dose, MDPD) and 
conformity (ratio of the prescription isodose volume to the 
PTV volume, PITV) are reported and their recommended 
limit values taken into account (both have the nominal value 
of 2 as upper recommended limit).  

The local clinical acceptance criteria for coverage is 95% 
and we try to accomplish a conformity index COIN greater 
than 0.6 which is the lower limit value proposed by Van’t 
Riet et al [4] for a dose distribution to be considered con-
formal and also confirmed by Lomax and Scheib [8].  
 In this work the dependence of these indexes with the 
resolution of the calculation grid is discussed. It is interest-
ing to note that this issue is never linked to the index defini-
tion except in the Saint-Anne, Lariboisière, Tenon (SALT) 
group criteria [9] where the lesion volume is referred to as 
“in a 1 mm3 voxel”.  

The index values reported in our treatment protocol are 
calculated using the adaptive grid in iPlan RT Dose. The 
reference isodose coincides with the prescription isodose. 
Visoref , was calculated through the DVH of the whole vol-

ume inside the patient outline. The volume of normal tissue 
included in the prescription isodose was calculated through 
the DVH of the normal tissue i.e. the whole volume inside 
the patient outline excluding the PTV.  

The calculated volume of the reference or prescription 
isodose is highly dependent on the voxel size of the dose 
grid used. By consequence, also the values of the quality 
indexes are. To study this dependence three RS clinical 
PTVs of small, medium and large sizes were used. For each 
case, dose was computed using constant grid sizes of 1, 2 
and 4mm over the patient volume. Then dose was calculated 
using the adaptive grid option switch on, with a resolution 
of 4 and 2 mm outside the PTVs.  

To minimize the dependence of the value of Visoref (and 
through it of COIN) for the larger grid linked to the sur-
rounding normal tissues, a structure called “Shell” was 
defined. This help-contour corresponds to the PTV plus a 
margin of some millimeters (depending on the clinical case) 
which ensures that the prescription isodose is completely 
included in it. Visoref was then calculated using the DVH of 
this “Shell” with a grid size close to the grid size in the PTV 
and keeping the adaptive grid option to speed up calculation 
time. This was tested for grids of 1 and 2 mm inside the 
“Shell”. 

For FSRT the delineated critical organs were taken into 
account in the definition of the conformity index by the 
multiplicative factor included in COIN’ (eq. (2)). 

III. RESULTS AND DISCUSSION  

A. Radiosurgery 

Table 1 shows the results of the study on the dependence 
of the conformity index COIN with the dose calculation 
grid size. Three PTV volumes have been selected from the 
26 RS treated cases for this study – small (0.188 cc), me-
dium (4.115cc) and large (9.87 cc) sizes. The COIN values 
calculated with the grid sizes of 4 and 2 mm outside de PTV 
and the adaptive grid option switched on were compared 
with those recalculated with constant grids of 1, 2 and 4 
mm, disabling the adaptive grid option. The maximum dif-
ferences between COINs from columns 2 to 6 in Table 1 
are: 6.8% (Large); 12.7 % (Medium) and 33.2 % (Small).  

 
Table 1- COIN values for Large, Medium and Small PTVs using dif-

ferent grid sizes: Adaptive Grid with 4 and 2 mm size outside the PTV; 1, 2 
and 4mm constant grid size and using the Shell to calculate Visoref with 
adaptive grids of 2 and 1 mm inside the Shell 
 

Adaptive 
Grid 

Constant Grid Shell 
  

PTV 
4mm 2mm 1mm 2mm 4mm 2mm 1mm

Large 0.617 0.637 0.637 0.633 0.594 0.634 0.636
Medium 0.636 0.654 0.654 0.648 0.571 0.649 0.657

Small  0.734 0.490 0.494 0.521 0.563 0.493 0.493
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 This means that the value of COIN depends not only on 
the calculation grid size but also on the volume of the PTV. 
The minimization of this dependence is clearly achieved 
with the use of the help-volume called “Shell”. The maxi-
mum difference between COINs calculated using Shell with 
adaptive grid size of 1mm and for a constant grid size of 1 
mm is less than 0.5 %. This means that the use of Shell and 
the adaptive grid of 1mm is equivalent of reducing the grid 
size to 1mm allover the calculation matrix but with the 
advantage of the reduced calculation time.  
 Using the “Shell” structure and the adaptive grid of 1 
mm the COINs for all the 26 treated cases have been recal-
culated. These COINs were then compared with the results 
of the previous method where an adaptive grid size of 4mm 
outside the PTV was used. The percentage differences be-
tween the COINs calculated with the two methods ranged 
from +44.5% to -6.0% (average 1.1%±9.5 (1 )). After this 
study the reported COIN value in the treatment protocol 
started to be calculated using the “Shell” structure and the 
adaptive grid of 1 mm. 
 Table 2 shows the results of the 26 radiosurgery treat-
ments, sorted by ascending PTV volume, in terms of the 
different indexes defined above. The average value for 
COIN was 0.593±0.071(1 ) which reveals that our plans 
are close to conformity on average. As it can be seen from 
Table 2, the conformity is not directly correlated to PTV 
volume. The value of COIN is much more dependent on the 
shape of the PTV. For very irregular shapes, the volume of 
normal tissue included in the prescription isodose contrib-
utes to the penalty of COIN. For all the other quality in-
dexes we obtained: 0.988±0.011 for CI, 1.086±0.025 for 
MDPD and 1.698±0.253 for PITV. Concerning these results 
we can say that the coverage criteria has been always ac-
complished and well surpassed. For homogeneity, as de-
fined by RTOG, the average maximum isodose inside the 
PTV is 108.6% which means that no large overdosages are 
present. The RTOG criterium of conformity (PITV 2) was 
always accomplished except for two cases which never 
exceeded 2.5, meaning a minor violation of the RTOG crite-
ria. These two cases corresponded to very irregular shaped 
PTVs.  
 
B. Fractionated Stereotactic Radiotherapy 

FSRT is clinically decided when the size of the lesion 
exceeds 3 cm (maximum length) and/or the critical organs 
are closer than 5 mm to the PTV. Till now mainly men-
ingiomas have been treated with this technique. According 
to the definitions, the conformity index is given by equation 
(2) and it is referred as COIN’ if the critical organs (CO) 
receive a dose larger than the prescription dose. All nine 
treated cases with FSRT are reported in Table 3 where the 
information on the critical organs delineated for each case 
was included. The average COIN for the nine cases is 
0.584±0.094 (1 ) whereas if the penalty factors are taken 
into account the average COIN’ is 0.530±0.118, meaning a 
loss of 9.2% on average in conformity. 

 
 Table 2- Results of the radiosurgery treatments in terms of Confor-

mity Index (COIN), Coverage Index (CI), Maximum Dose to Prescribed 
Dose (MDPD) and Prescription Isodose volume to Target Volume (PITV)  

 

VPTV (cc) COIN CI MDPD PITV 
0.188 0.508 1 1.057 1.968 
0.444 0.579 0.986 1.046 1.680 
1.205 0.579 0.968 1.072 1.672 
1.288 0.529 0.994 1.065 1.878 
1.357 0.701 0.999 1.066 1.426 
1.485 0.639 0.999 1.064 1.562 
1.506 0.607 0.993 1.072 1.636 
1.856 0.623 0.987 1.074 1.583 
2.050 0.681 0.989 1.072 1.452 
2.059 0.567 0.987 1.076 1.741 
2.113 0.717 0.974 1.074 1.359 
2.196 0.479 0.985 1.084 2.056 
2.498 0.442 0.989 1.094 2.238 
3.261 0.557 0.989 1.071 1.777 
4.115 0.655 0.997 1.092 1.523 
4.116 0.555 0.982 1.070 1.771 
4.148 0.583 0.987 1.381 1.712 
5.065 0.484 0.967 1.168 1.932 
6.090 0.533 0.989 1.113 1.857 
6.112 0.672 0.957 1.076 1.362 
6.204 0.615 0.991 1.081 1.611 
6.609 0.574 0.995 1.070 1.735 
7.040 0.583 0.996 1.118 1.710 
7.359 0.660 0.999 1.087 1.513 
7.963 0.657 0.992 1.100 1.509 
9.870 0.640 0.985 1.114 1.540 

  
 
The definition of COIN’, with the penalty factors pro-

posed by Baltas et al [5], does not include however the 
discussion on tolerance dose levels for each of the organs at 
risk. For the majority of the treated cases the critical organs 
were the brainstem with a tolerance dose of 54 Gy and the 
optical nerves and chiasm with a tolerance dose of 48 Gy. 
As the prescription total dose (PD) for these cases have 
been of 50.4 or 54 Gy, this means that whenever the pre-
scription is less than the tolerance dose (TD) for a specific 
structure, the penalty factor should have a lower weight. On 
the other hand, if the tolerance dose for a critical organ is 
lower than the prescription dose, the dose plan would hardly 
be accepted by the physician unless the volume of the criti-
cal organ receiving a dose higher than the tolerance dose is 
very small or there are clinical reasons for the violation of 
the tolerance dose. The discussion on the penalty factors can 
further be expanded if we consider that the definition of 
COIN in equation (1) takes already into account the volume 
of the normal tissue included in the reference isodose. This 
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means that the volume of any organ at risk inside the pre-
scription isodose is already accounted for. 

 
 Table 3- Penalty factors for the critical organs of FSRT treatments 
and conformity indexes COIN and COIN’ – ONI (Optical Nerve Ipsilat-
eral); ONC (Optical Nerve Contralateral); Chi. (Chiasm) and Brst (Brain-
stem). ND stands for Not-Delineated 

 
PTV  PD CO Penalty Factors  
(cc) (Gy) ONI ONC Chi. Brst. 

COIN COIN'

6.58 54.0 1 ND 1 0.971 0.431 0.419 
8.98 54.0 ND ND ND 0.973 0.574 0.559 
9.73 54.0 1 1 1 0.999 0.636 0.635 
12.49 50.4 0.845 1 0.929 1 0.673 0.528 
15.48 54.0 1 1 1 1 0.623 0.623 
21.45 54.0 0.918 0.990 1 0.960 0.526 0.459 
30.85 50.4 0.777 1 0.970 ND 0.532 0.401 
43.49 54.0 0.856 0.993 1 0.922 0.521 0.408 
59.64 50.4 1 1 0.991 ND 0.741 0.734 

IV. CONCLUSIONS  

The quality of radiosurgery and fractionated stereotactic 
radiotherapy treatments of brain lesions performed during 
2008 at IPOCFG, E.P.E., Coimbra, Portugal was assessed in 
terms of dose-volume indexes. After the study on the de-
pendence of these indexes with the dose grid size used in 
calculations we have concluded that the reporting of con-
formity indexes should always include the specification of 
the dose grid size. Uncertainties on the reported values can 
ascend to more than 30%, depending on the PTV volume 
and shape. The minimization of this dependence with iPlan 
TPS is clearly achieved with the use of a help-contour sur-
rounding the PTV to calculate the volume of the reference 
isodose more accurately and within reasonable calculation 
times. 

The inclusion of penalty factors linked to critical organs 
near the PTV that receive doses higher than the prescription 
dose can lead to significant conformity losses but should 
further be discussed. 
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Abstract— Proton Monte Carlo dose calculation based on 

the Monte Carlo toolkit Geant4 is implemented at Massachu-

setts General Hospital. This paper summarizes the clinical

implementation of the code, i.e. modeling of the treatment 

head, modeling of the patient, dose scoring, absolute dosime-

try, and the Geant4 physics settings for proton therapy.

We present comparisons between dose distributions calcu-

lated by the pencil beam algorithm implemented in our plan-

ning system and dose distributions calculated by the Monte 

Carlo system. In addition, we discuss different dose metrics 

that can be considered within the Monte Carlo calculations, i.e. 

dose-to-tissue and dose-to-water. The results show that overall 

the agreement between the pencil-beam and the Monte Carlo 

algorithms is quite good, with the exception of interfaces tan-

gential to the beam direction. Further, the impact of different 

dose metrics is typically below 2% for soft tissue but can be up 

to 10% in bony anatomy. 

Keywords— Monte Carlo, Proton Therapy, Geant4.

I. INTRODUCTION 

It is well known that a Monte Carlo based dose calcula-

tion can be more accurate than analytical dose calculation 

methods if the underlying physics is known to a sufficient 

degree of precision and can be parameterized. In proton 

therapy, theoretical models or experimental cross section 

data for electromagnetic and nuclear interactions are re-

quired.

Monte Carlo simulations can take into account the phys-

ics of particle interactions on a step-by-step basis by track-

ing each simulated particle through different media. Tissue 

inhomogeneities can thus be taken into account with their 

exact geometrical location and considering the exact mate-

rial properties, e.g. elemental composition, electron density, 

mass density or ionization potential.

Because Monte Carlo dose calculation is based on well-

defined material properties (and not on second order pa-

rameters like stopping power or electron density) the dose 

distributions obtained by Monte Carlo are dose-to-tissue 

distributions. However, dose in radiation therapy is tradi-

tionally reported as dose-to-water. Thus, a formalism is

needed to convert dose-to-medium into dose-to-water for 

comparison with analytical dose calculation engines.

II. METHODS

A. Modeling the beam impinging on the patient

Proton therapy treatment head configurations are field 

dependent. Thus, finding beam models is difficult. Conse-

quently, the simulation is started at the beam entrance into 

the treatment room, i.e. at the treatment head entrance. The 

initial beam is parameterized by using experimentally de-

duced settings of the beam energy and energy spread, the 

angular spread and the geometrical beam spot [1].

B. Modeling the treatment head

The geometry modeled in the Monte Carlo has to con-

sider all beam modifying and beam monitoring devices. A 

proton therapy treatment head for passive scattered proton 

beam therapy [2] typically consists of the following ele-

ments:

• Ionization chambers

• Adjustable apertures

• Scattering foils

• Contoured bi-material scatterers

• Modulator wheels

• Patient specific aperture

• Patient specific compensator

Within the Monte Carlo code these have to be modeled 

by either using standard shapes provided within the Monte 

Carlo toolkit (tubes, boxes, cones, etc.) or by combining 

them to create a specific three-dimensional shape [1].

In our case, the irregular shaped geometries of the patient 

specific aperture and compensator are imported into the 

Monte Carlo code by reading the files created by the treat-

ment planning system (XiO, Computerized Medical Sys-

tems Inc.) intended for the milling machines [1].

Treatment heads in proton therapy have variables (e.g., 

scatterer settings) that are patient field specific. In addition, 

the modulator wheel changes its angular position during 

beam delivery (rotating with 10 Hz in our case). The Geant4 

Monte Carlo code can handle these time dependent geo-

metries on-the-fly during the actual particle tracking [3].
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C. Modeling the patient

In principle, modeling the patient geometry is relatively 

straight forward as it is defined as a set of regular shaped

voxels. The data can be in a specific file format (e.g. im-

ported via DICOM or based on treatment planning program 

specific formats associated with a certain header) or simply 

represented as a binary cube.

In a simulation environment there are two main concerns 

when dealing with CT data, i.e. memory consumption and 

efficient particle tracking. Memory consumption can be 

minimized by using so-called parameterized volumes (in 

Geant4 terminology). These take advantage of the fact that 

the memory can be allocated dynamically by adjusting only 

dimensions, location and material for each voxel [4]. The 

efficiency of particle tracking depends on the algorithm to 

determine the voxel environment at each step (i.e. the dis-

tance to the next boundary). This can be inefficient for CT 

geometries depending on the Monte Carlo code and the 

implemented algorithm [4].

In addition to geometrical considerations a Monte Carlo 

dose calculation system has to be based on an accurate con-

version algorithm to transform CT numbers into material 

compositions and densities. There is not a one to one corre-

spondence between CT numbers and tissue properties. The 

conversion method used in our implementation [5] was fine-

tuned by adjusting the material densities in order to allow 

proper comparison of the Monte Carlo results with the plan-

ning system [6]. This is necessary to take into account CT 

scanner specific responses. Specifically for predicting the 

proton beam range, there can be significant variations de-

pending on the chosen conversion scheme [7].

D. Dose scoring

Per voxel, the Monte Carlo scores energy deposition by 

all particles contributing (e.g. protons, electrons etc). An 

open question is whether one should include the energy 

transferred to short-range heavy recoil nuclei in nuclear 

interactions since these fragments have typically a range 

that is too short to cause any biological damage, i.e. to cross 

the DNA. For proton therapy the answer to this question is 

not really critical because the contribution is very small.

Dose distributions in radiation therapy are traditionally 

reported as dose-to-water as it is calculated in analytical 

dose calculation algorithms. However, Monte Carlo dose 

calculation engines determined dose-to-tissue. It is debat-

able which metric should be used in radiation oncology [8].

Converting dose-to-tissue into dose-to-water for compar-

ing planning system results with Monte Carlo results can be 

done by multiplying the doses with the relative stopping 

powers, according to Bragg-Gray theory (although this 

procedure does neglect the difference in energy loss due to 

nuclear interactions). 

E. Absolute dosimetry

Monte Carlo calculated dose distributions can be com-

pared with planned dose distributions using normalizations

to, for example, the prescription dose to the GTV. However,

a Monte Carlo is capable of predicting absolute doses if the 

correspondence between monitor units delivered and dose 

deposited in a reference volume is known. Clinically, when 

treating patients, this relationship is typically measured on a 

filed-by-field basis, i.e. one has to determine the charge in a 

parallel-plate ionization chamber in the treatment head and 

the dose in a water tank as measured by a small ionization 

chamber. This procedure can be followed in the Monte 

Carlo system as well. By simulating the energy deposition 

events in the ionization chamber located in the treatment 

head and the dose in a water tank we are able to find the 

number of protons to enter the treatment head in order to 

achieve a given dose at isocenter [9].

F. Physics settings

Although Monte Carlo simulations are usually consid-

ered the gold standard in dose calculations, their accuracy 

depends on the underlying physics. Some cross sections 

may not be well-known experimentally and there might be a 

variety of theoretical models that differ in predicting reac-

tion channels. Benchmarking of Monte Carlo physics set-

tings is therefore necessary for the energy range of interest. 

The physics settings used in our implementation are re-

ported elsewhere and are based on extensive validation [10].

G. Clinical implementation

In order to use a Monte Carlo system in a clinic on a rou-

tine basis, the data transfer from the treatment planning 

system (beam angle, treatment head settings, isocenter posi-

tion etc.) and the patient database has to be automated. The 

implementation at Massachusetts General Hospital is de-

scribed elsewhere [6].

III. RESULTS

A. Difference between dose-to-tissue and dose-to-water

Figure 1 looks at one example, a patient with a head and 

neck tumor. The difference between dose-to-tissue and 

dose-to-water is up to about 10% in bone, while it is much 
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lower everywhere in soft tissue (around 1-2%). Overall this 

has little impact on dose-volume histograms in this case as 

seen in Figure 2. Exceptions are the right and left cochlea.

However, these are receiving very little dose. Dose-to-tissue 

is only slightly higher in soft tissue while it is roughly 10% 

lower for the cochlea, compared to dose-to-water.

Fig. 1: Patient with a spinal cord astrocytoma. The left side shows the dose 

distribution for a single field, the right side shows all three treatment fields 

combined. The upper figures represent dose-to-water, the middle shows 

dose-to-tissue, while the third row gives the difference in %.

Fig. 2: Patient with a spinal cord astrocytoma. Dose volume histograms are 

for the GTV and brainstem (red and blue, respectively) as well as for the 

right and left cochlea (green and pink, respectively). Dose-to-tissue is 

given as solid lines and dose-to-water as dashed lines.

B. Difference between pencil-beam algorithm and Monte 

Carlo dose calculation

A comparison between the results generated by the pen-

cil-beam algorithm and the (dose-to-water) results from the 

Monte Carlo system reveals some differences in the pres-

ence of homogeneities if interfaces are tangential to the 

beam direction. If such differences are significant or not 

depends not only on the specific patient geometry but also 

on the treatment plan and the margins associated to the 

target volume. 

Figure 3 shows a magnified area in the same patient 

shown in figure 1 just to illustrate this effect.

Fig. 3: Patient with a spinal cord astrocytoma. On the left the dose distribu-

tion as predicted by the planning system is shown. The right shows the 

Monte Carlo results (dose-to-water). The area indicated by ovals illustrates 

the difficulties to consider interfaces parallel to the beam by a pencil beam 
algorithm. The beam direction is indicated by arrows.

The overall differences between planning system and 

Monte Carlo are illustrated in Figures 4 (dose distributions) 

and 5 (dose-volume histograms) for a prostate case.

Fig. 4: Patient with an adenocarcinoma of the prostate. The left side shows 

the dose distribution as predicted by the treatment planning system, the 

middle shows the predicted dose distribution from the Monte Carlo. On the 
right, dose differences are given in %.

There are some noticeable discrepancies in the penumbra 

region, where the planning system underestimates the lateral 

penumbra. In absolute terms this is more pronounced deep 

in the patient due to the higher dose. The dose-volume his-
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tograms show that the planning system underestimates the 

target dose by about 1%. The difference is bigger in the low 

dose region for rectum and the bladder.

Fig. 5: Patient with an adenocarcinoma of the prostate. Dose volume 

histograms are for the CTV, right femoral head and left femoral head (red,

blue, and green, respectively) as well as for anterior rectum, posterior 

rectum, and bladder (black, pink, and cyan, respectively). The planning 

system results are shown as solid lines and the Monte Carlo results as 

dashed lines.

IV. CONCLUSIONS 

Based on the clinical implementation of a proton Monte 

Carlo dose calculation system at Massachusetts General 

Hospital we analyzed two effects, the difference between 

dose-to-tissue and dose-to-water in proton therapy and the 

difference between Monte Carlo predicted and pencil-beam

predicted dose distributions. To illustrate potential effects 

we did present two patient examples.

It appears that in most cases the differences are not clini-

cally significant, i.e. would not impact treatment planning 

decisions. However, if high/low density interfaces are part 

of the analyzed volume or if Monte Carlo doses are not 

converted to dose-to-water in bony structures, caution is 

warranted. 
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Abstract— To achieve better outcome in cancer treatment, 
chemical modifiers (radiosensitizers) are used to increase the 
efficacy of radiotherapy. The aim of this study was to evaluate 
the effect of photofrin II radiosensitivity for the treatment of 
adenocarcinoma tumors in Balb-C mice using the brachythe-
rapy. Spontaneous murine model of breast adenocarsinoma 
was inoculated in Balb-C mice. The tumor bearing mice were 
injected with PII photosensitizers at a therapeutic dose (3 
mg/kg body weight). 24 hours after the topical injection of the 
PII, two separate groups of the mice were irradiated with 5 Gy 
and 10 Gy ionizing radiation. The tumor volume was used as 
an index to determine the efficiency of photofrin II in compari-
son with the brachytherapy procedure alone. The results did 
not indicate any difference between the two groups (with and 
without the PII) after the brachytherapy. Therefore, contrary 
to other experiments reported in the literature, it can be con-
cluded that the photofrin II does not act as a radiosensitizer in 
adenocarsinoma tumors. 

Keywords— Adenocarcinoma, Brachytherapy, Photofrin II 

I. INTRODUCTION  

Modern cancer treatment methods usually involve a 
combination of different modalities in order to maximize 
therapeutic outcomes and reduce radiation side effects. 
Photodynamic therapy (PDT) using porphyrins as tumor 
localizing and photosensitizing drugs emerged as a promis-
ing alternative therapy for the treatment of early and loca-
lized tumors [1]. So far, thick tumors cannot be treated by 
this method because of limited penetration of light in their 
tissues. However, it has been reported that porphyrins can 
also act as radiosensitizers under certain conditions [2].  

It is claimed that upon photoactivation, photofrin II (PII) 
may produce high quantum yield of singlet oxygen and/or 
superoxide anions, and even semiquinone radicals [3-5]. 
Once generated, these biochemical species may cause cell 
injury [6]. Tumors selectively take up PII, but the process of 
photosensitizer localization, which favors tumor accumula-
tion, is not really understood.  

Cohen and Schwartz [2, 7] were the first, who assessed 
the radiosensitizing properties of porphyrins. They treated 
patients and experimental animals with a combination of 
radiotherapy and hematoporphyrin derivative (HPD). Their 

results showed an improved local tumor control, especially 
in cases of squamous cell carcinoma (SCC), rhabdomyosar-
coma, fibrosarcoma and carcinoid tumors. 

Other investigators, Moan and Pettersen [8] and Bellnier 
and Dougherty [9], did not observe radiosensitization ef-
fects by porphyrins in their in vitro studies. In contrast, 
Zhang et al [10] reported a significant sensitization due to 
hypericin on human malignant glioma cells exposed to 
ionizing radiation (2–6 Gy). The efficacy of radiotherapy 
prior to surgery for the treatment of maxillofacial tumors 
reported to be 40% higher with HPD than that without it 
[11]. Kostron et al [12] found an interaction of HPD with 
light and ionizing radiation in a rat glioma tumor model. 
Moreover, Chen [13] observed a radiosensitizing effect of 
HPD in sarcoma ascites 180 (S180) tumors transplanted into 
mice. Another in vivo study [14] indicated that Lewis sar-
coma and human bladder carcinoma are clearly sensitized 
by this modality. Furthermore, in three patients with ad-
vanced bladder cancer, applying the PII and ionizing radia-
tion reduced the tumor volume for two patients [15]. By no 
means, radiosensitization efficiency is a multifactorial func-
tion. Taking these evidences into account, the present study 
was designed for in the vivo evaluation of the efficiency of 
photofrin II radiosensitivity in adenocarcinoma tumors in 
Balb-C mice using brachytherapy.  

II. MATERIALS AND METHODS 

Tumor model: Our experiments were carried out using 
spontaneous murine model of breast adenocarcinoma in-
duced in Balb-C mice. The adenocarcinoma was induced 
via transplanting the tumors in the mice.  

Chemicals: Photofrin II was purchased from Sigma 
Chemical Company. It was then prepared as stock solution 
and stored in a dark condition below 10oC.  

Irradiation: 192Iridium needles prepared by Iranian 
Atomic Energy Organization were used for the bracheythe-
rapay. The brachytherapy was performed by the irradiation 
of 192Iridium needles at a dose rate of 1Gy/h. In order to 
compare the amount of irradiation and the degree of PII 
radiosensitization, the radiation dose given to the tumors 
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were set at 5Gy and 10Gy in two separate groups respec-
tively. 

Experimental design: Adenomcarcinoma was trans-
planted into female mice aged 5–6 weeks and weighted 
approximately 19 g. The implantation procedure was per-
formed as follows. The tumor was extracted from a donor 
mice prepared and provided by Iranian Institute of Pasteur. 
The tumor was then inoculated to healthy mice by surgery. 
12 days after the tumor inoculation, the PII sensitizer was 
injected at a concentration of 3 mg/kg of the mice’s body 
weights.  

Measurement of the tumor volume: As a parameter for 
evaluating the tumor growth delay, the tumor volume was 
measured on different days as follows. The lesser and great-
er diameters of the tumor were measured in mm by a digital 
caliper. Then, the tumor volume (V) was calculated using 
the following equation:  
V(mm3)= a2×b×0.5        (1) 
in which a and b represent the lesser and greater diameters 
respectively.  

III. RESULTS 

As mentioned above this study was performed using 
spontaneous murine model of breast adenocarsinoma in 
Balb-C mice. Then, the tumor bearing mice were injected 
with PII photosensitizers at a therapeutic dose (3 mg/kg 
body weight). 24 hours after the topical injection of the PII, 
two separate groups of the mice were irradiated with 5 Gy 
and 10 Gy ionizing radiation respectively to better clarify 
the amount of the radiation dose and the degree of PII radi-
osensitization effect. Finally, using equation (1), the tumor 
volume was estimated as a parameter of tumor delay growth 
for analyzing the data.   

The results showed that the volumes of the tumors in the 
control, sham and treatment (mice incubated with photofrin 
II alone) groups are not significantly different (Figure 1). 
This indicates that the PII alone doesn't have any anti tumor 
effect.   

 
Fig. 1 The volume growth curve of the control, sham and PII groups 

However, as noted from Figure 2, it can clearly be seen 
that there is a significant difference (P<0.05) between the 
volume of the control and the 5Gy irradiated groups and this 
difference is expressed more for the group treated with 
10Gy radiation dose. These results indicate that there is a 
significant difference between the 5Gy and 10Gy irradiated 
groups (Figure 2).  

 
Fig. 2 The volume growth curve of the control, 5Gy (Brachy 5hrs), and 10 

Gy (Brachy 10hrs) irradiated brachytherapy groups 

On the other hand, as can be noted from Figure 3, the ef-
fect of PII pretreatment on the tumor growth delay before 
and after 5Gy and 10Gy of brachytherapy is not significant. 
Therefore, our results indicate that the PII is not effective in 
changing the irradiation-related cytotoxicity in both of the 
treatment groups. 

 
Fig.  3 Tumor growth volume in the control, 5 Gy (Brachy 5hrs) and 10 Gy 
(Brachy 10hrs) irradiation alone and 5 Gy (Brachy&photofrin 5hrs) and 10 

Gy (Brachy&photofrin 10hrs) irradiation with the PII groups 
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IV. CONCLUSIONS  

Brachytherapy is a well established method to either pal-
liate or control the local tumour growth and also an effec-
tive method for eradicating early cancers [16]. Besides, 
photofrin II has been claimed [17] as a radiosensitizer and 
proposed to be used as a selective radiosensitizer for the 
tumor treatment with ionizing radiation. Taking these evi-
dences into account, we examined the possible radiosensi-
tivity of PII in combination with brachytherapy for the 
treatment of in vivo adenocarcinoma tumors inoculated in 
the Balb-C mice. Our data clearly demonstrated that the 
brachytherapy with a radiation dose of 10 Gy is more effec-
tive than 5 Gy for controlling the tumor growth. However, 
contrary to the investigations made on other tumors, we 
found that the PII does not have any significant effect on the 
tumor volume before and after brachytherapy. Several stu-
dies have shown different outcome due to the use of pro-
phyrins in combination with ionising radiation therapy [8-
10]. Such controversial results might be partially explained 
by the fact that HPD is a complex mixture of different por-
phyrins. Moreover, tumors and malignant cells used for 
such investigations are extremely different from the biolog-
ical point of view [18]. In conclusion, based on our results it 
seems that the PII does not have any radiosesitization effect 
on adenocarsinoma inoculated in Balb-C mice. However, 
more investigations seem to be required to be done to prove 
this. 
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Abstract—Purpose: We investigate a delivery method in 
stereotactic body radiation therapy using an Extend Distance 
Source to Virtual Axis (EDSVA) method. This approach sig-
nificantly expands the range of beam angles and improves the 
target confomality and the normal tissue avoidance.  

Methods and Materials: In EDSVA the source to the target 
distance varies within 100 to 130 cm. Three plans with the 
same prescription were sequentially calculated in Pinnacle 
8.0m Treatment Planning System (TPS). The first plan utilizes 
ten non-coplanar beams and satisfies dosimetric criteria 
adopted in RTOG 0236. The plan represents suitable SBRT 
lung cancer treatment at SAD 100 cm. In the second plan, 
gantry and couch angels are kept unchanged, however, the 
target moved 20 cm along the central axis away from the 
source. In the third plan, the source to the target distance kept 
constant (120 cm), however, the gantry and couch angles opti-
mized to maximize the mutual separation of the beams. All 
plans are calculated for custom made heterogeneous lung 
phantom and verified empirically.   

Results: We find that the dose distribution in the optimized 
EDSVA, the third plan, produces a more compact dose distri-
bution. This reduction of the volume of high dose exposure of 
the sensitive organ (lung in our investigated case) is due to the 
decrease of the volume of beam overlap resulting from a more 
isotropic distribution of beam orientations at SAD equal to 120 
cm in comparison with standard isocentric, 100 cm SAD.  

Conclusions: Our investigation demonstrates that EDSVA 
reduces the toxicity of normal tissues and is a viable approach 
for SBRT treatments implemented with clinical TPS and clini-
cal linear accelerators. 

Keywords—SBRT, Lung Cancer, Extend Source Distance, 
Virtual Isocenter. 

I. INTRODUCTION 

Stereotactic body radiation therapy (SBRT) for lung can-
cer has shown promising results compared to conventional 
treatments with tumor control rates at 3 years of up to 90% 
[1, 2]. The essential characteristic of SBRT is a precise 
delivery of a few high dose fractions (hypo-fractionated 
therapy). Typically, 3 to 5 fractions are used to deliver 50 to 
60 Gy of cumulative dose to a small target volume. To 
avoid normal tissue toxicity it is critical for SBRT planning 
and delivery to minimize the volume of the healthy tissue 
exposed to potentially damaging level of dose. A primary 
strategy to achieve this goal is through the use of multiple, 
non-coplanar beams, to minimize the volume of their  

intersection inside the lung. The rapid decrease of dose 
distribution in the lung is then a consequence of the fast 
geometric separation of beam cones diverging from the 
target center. The technical difficulty of achieving the fast 
divergence, away from target, for multiple beams set to 
converge on the target’s center is arising, however, for typi-
cal SAD treatments effected on linear accelerators. The 
limitation for beam angular separation is related to colli-
sions between gantry head and couch and patient body set-
tled on the couch [3]. A relatively simple solution to this 
equipment limitation is to increase of the distance between 
the target and the gantry during treatment, making it possi-
ble to expand the set of beam orientations while avoiding 
collisions between the gantry, couch and patient.  

This paper explores the possibility of planning and deliv-
ering SBRT treatments that use extended distance between 
target and the source. We investigate the use of a commer-
cial treatment planning system in accurately scaling geo-
metric and dosimetric parameters, and assess plan  
improvement, associated with SBRT treatments that use 
extended distance. 

II.  METHODS 

A cubic lung phantom made of an acrylic frame (dimen-
sion of 24(L) x 17(W) x 12 (H) cm3, density of 1.20 g/cm3) 
is used in our studies [4]. Cork plates (density 0.26 g/cm3) 
are inserted into the frame to model aerated lung tissue.  
Two pairs of cylindrical targets made of acrylic, with di-
mensions of 25 mm × 10mm and 13mm × 10mm, are em-
bedded in the middle of cork plates. These targets are de-
signed to measure dose at the top, middle and bottom of 
cylindrical targets using Gafchromic EBT film (Interna-
tional Specialty Products, Wayne, NJ). 

All CT data acquisitions of the phantom are obtained in 
helical mode on a Philips Big Bore CT scanner (Philips 
Medical Systems, Cleveland, OH, USA), using a 16×1.2 
mm2 acquisition mode. The CT current and voltage are set 
to 100 mA and 120 kV respectively in all scans. Recon-
structed slice thickness is 3mm.  CT data are exported to a 
Pinnacle3 8.0m (Phillips Medical Systems, Cleveland, OH) 
treatment planning system. From the imported images, the 
GTV is contoured according to the clinical protocol used for 
lung SBRT; PTV is created automatically using a uniform 5 
mm margin.   
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We generate in sequence three SBRT plans. The first 
plan is a standard 100 cm SAD plan. Ten non-coplanar 
beams, appropriately distributed in angular space, are used 
in this plan. Beams are delineated to match the target out-
line in each beam’s eye view and weighted to assure plan 
dosimetric criteria adopted in RTOG 0236. Calculations are 
performed with inhomogeneity corrections utilizing col-
lapsed cone algorithm.  

The second plan is derived from the first plan by keeping 
gantry and couch angles unchanged relative to the first plan 
while moving the center of the target for each beam along 
beam’s central axis to increase the distance between the 
source and the target center from 100 cm to 120 cm.  Dur-
ing this operation the BEV outline of the target and corre-
sponding MLC leaf positions are appropriately scaled for 
each beam to preserve their coincidence.      

The prescription for the second plan is the same as that for 
the first plan assuring satisfaction of dosimetric criteria 
adopted in RTOG 0236. Clearly this prescription requires an 
increase in number of monitor units prescribed for each beam 
in order to compensate for extended treatment distance. Re-
calculation of monitor units is provided by the planning sys-
tem and verified by independent calculations. It is worth 
noting that second plan requires placement of the target cen-
ter for each beam, on the surface of the sphere centered on the 
isocenter of the machine, with radius of 20 cm.   

For the second plan, the center of the target for each 
beam lies at the point of the spherical surface that is inter-
sected by the ray that emanating from the source passing 
first through the isocenter of the machine. The position of 
the target center for each beam is easily determined in the 
laboratory frame of reference and then applied to the couch 
coordinate system. This determination allows precise repo-
sitioning of the couch for treatment of plan 2 to locate the 
target center in the proper point in space. Conversely, if we 
view the treatment setup for plan 2 in the target frame of 
reference, the treatment for the second plan can be inter-
preted as placing a source for each beam on the surface of 
the sphere of radius 120 cm that is centered on the target 
center. This point of view allows us to easily inspect the 
similarity between plans one and two. For plan 1 (standard 
SAD=100 cm plan) we place the source for each beam k 
(k=1, 2,…,10) on the surface of the sphere of radius 100 cm 
centered on the target center (fixed at isocenter) at angular 
coordinates (θk, φk) k=1,2,…,10 (see Table 1). Then for 
plan 2 we place the source for each beam k (k=1, 2,…,10) 
on the surface of the sphere of radius 120 cm centered on 
the target center at identical angular coordinates (θk, φk) 
k=1,2,…,10(see Table 1). This point of view is equivalent 
to considering plan 2 as an SAD plan with virtual isocenter 
at constant distance of 120 cm from the source. We refer to 
the treatment based on plan 2 as Extend Distance Source to 

Virtual Axis (EDSVA) treatment (in our case EDSVA is 
equal 120 cm).  

The third plan is a modification of plan 2. The purpose of 
modification is to separate beams in their angular degrees of 
freedom more than possible for a fixed 100 cm SAD con-
figuration. In Table 1, gantry and couch angles for the three 
plans are listed. BEV apertures are scaled appropriately for 
the new source-to-target distance, and beam weights are re-
optimized to prescribe dose to target in a manner identical 
to plans one and two. We then verify that all criteria for 
dose distribution adopted in RTOG 0236 are automatically 
satisfied for so modified (from plan 2) plan 3.   

Table 1. Gantry and couch angels for each beam of 100 SAD plan (plan 1), 
the 120 SAD plan utilizing the same beam orientations (plan 2), and the 
120 SAD utilizing expanded beam orientations (plan 3) 

Plans 1 & 2 Plan 3 Beam 
Gantry Couch Gantry Couch 

1 180 0 180 0 
2 220 345 220 335 
3 270 25 270 45 
4 270 335 270 325 
5 315 0 315 0 
6 30 270 40 270 
7 330 270 320 270 
8 45 25 45 45 
9 90 0 90 0 
10 150 0 150 0 

Treatment plans are exported from Pinnacle to MOSAIQ 
1.6 (IMPAC Medical Systems, Inc., Sunnyvale, CA) and to 
the Elekta SynergyS (Elekta group, Stockholm Sweden) 
linear accelerator. Plans for each of the three scenarios are 
shown in Figure 1. Prior to phantom irradiation, all plans 
are checked to ensure collision avoidance. Moreover, we 
verify on the treatment machine that positioning of phantom 
target center at extended distance treatment for each beam is 
accurately achieved through our pre-calculated coordinates 
of the couch necessary for placing the target center in the 
virtual isocenter location for each beam.  

Prior to irradiation, the beam isocenter is identified at the 
edge of each film using a permanent marker. This allows us 
to accurately align the beam isocenter from exposed film to 
the plan isocenter from the computed planar dose. Follow-
ing irradiation, films are extracted from the phantom and are 
scanned using Epson 10000XL (Epson America Inc., Long 
Beach, CA USA) flatbed scanner together with FilmQA 
(3cognition LLC, Wayne, NJ, USA) software for analysis. 
Scanned films are then compared with the computed planar 
dose images generated by Pinnacle planning system. Vari-
ous dosimetric aspects of the computed and measured dose, 
including comparison of absolute dose and relative isodose 
lines, are evaluated. 
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Fig. 1 Axial and coronal dose distributions for a 100 SAD plan 1(left), a 120 SAD plan 2 (middle), which uses the same beam orientation as plan 1, and a 
120 SAD plan 3 (right), which uses an expanded set of beam orientations. The additional conformity achieved by expanding the beam orientation space is 
evident in the higher conformity of plan 3 

 

Fig. 2 Comparison of measured and calculated isodose distributions for SBRT irradiation for all plans delivered.  Comparison for plan 1 (SAD=100cm) is 
shown at left, comparison for plan 2 (SAD=120cm) is shown at center and comparison for plan 3 (SAD=120cm, beam directions re-optimized) is shown at 
right 

III. RESULTS 

Figure 1 shows axial, coronal and sagittal dose distri-
butions in planes crossing the center of the target for the 
three calculated plans. With identical beam orientations, 
the dose distribution is essentially unchanged as the 
source to target distance is increased from 100 to 120 cm 
(columns 1 and 2).  

The third column shows the dose distribution resulting 
from the expanded set of beam orientations, re-optimized 

to take advantage of increased couch and gantry clear-
ance. are expanded to   This modified plan (plan 3) shows 
more compact dose distribution. Additionally, we find 
that lung tissue for plan 1 (SAD=100) has more volume 
exposed to high dose than plan 3 (SAD = 120 cm). This is 
clearly evident in the 24 Gy line shown in the sagittal 
dose distribution.  

Figure 2 shows a similar comparison of measured dose 
distributions superimposed on calculation. The left-hand 
distribution shows the 100 cm SAD plan (plan 1), the 
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center distribution the 120 cm plan (plan 2) with a beam 
configuration identical to plan 1, and the right-hand dis-
tribution the 120 cm plan (plan 3) with the re-optimized 
beam configuration. In each case the calculated distribu-
tion is represented by the thick lines and the measures 
distribution by the thin lines. In each case there is excel-
lent agreement between calculation and measurement. 
Again, the superiority of the dose distribution arising 
from the possibility of utilizing a larger space of beam 
angular separation when treating at extended distance 
between the source and the target.  

IV. CONCLUSION 

Investigations of this paper demonstrate that utilization 
of extended distance source to virtual axis method en-
hances the capabilities of linear accelerators by allowing 
more angular separation between beams used for irradia-
tion of patient body. In case of SBRT therapy, this capa-
bility leads to more compact dose distributions that allow 
decreasing volume of high dose exposure in sensitive 
organs (e.g lung) and minimizing the treatment toxicity. 
Further, the technique is easily implemented using exist-
ing commercial planning and delivery systems. Phantom 

measurements verify both the improved distributions 
agreement with treatment planning calculations.  
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Abstract— Recommendations of the American Association 
of Physicists in Medicine TG-43U1 report have been followed 
to characterize the Varisource VS2000 192Ir high dose rate 
brachytherapy source, provided by Varian Oncology Systems. 
Monte Carlo calculations with PENELOPE code have been 
carried out in order to obtain dosimetric parameters for this 
source: air kerma strength, dose rate constant, radial dose 
function and anisotropy function. These quantities are com-
pared to the source reference data, finding results in agree-
ment with them taking respective uncertainties into account. 
Outcomes stated in this paper provide a complete parameter 
collection, which can be used for dosimetric calculations as 
well as a means of comparison with other datasets from this 
source. 

Keywords— Brachytherapy source, TG-43U1, Monte Carlo, 
192Ir, PENELOPE. 

I. INTRODUCTION  

Monte Carlo (MC) simulation is a widely extended and 
settled practice for the calculation of brachytherapy sources 
dosimetric parameters. In this work it will be analyzed the 
Varisource VS2000 192Ir high dose rate (HDR) source pro-
vided by Varian Oncology Systems for their remote after-
loading devices. Previous publication by Angelopoulos et 
al. [1] presents dosimetric reference data for this source [2], 
obtained through MC calculations with a private code de-
veloped by authors. This study aims to assess, using MC 
simulations with PENELOPE code (version 2006) [3], do-
simetric parameters of the Varisource VS2000 192Ir HDR 
source used in TG-43U1 calculation formalism [4]. These 
results will be compared with reference data for this source. 

II. MATHERIALS AND METHODS 

A. Brachytherapy source  

Fig. 1 shows the dimensions of the source [1] and the 
coordinate system used. The source is composed of two 192Ir 
seeds 22.42 g cm-3 density and 0.34 mm diameter, encapsu-
lated in a nitinol (55.6% Ni, 44.4% Ti) cylindrical wire 
6.5 g cm-3 density and 0.59 mm diameter. 

 

Fig. 1 Coordinate system and schematic view of the Varisource VS2000 
192Ir HDR source. All dimensions are in mm 

For MC calculations only γ-rays and fluorescence X-rays 
of NuDat [5] database 192Ir spectrum have been considered, 
leaving out photons with emission intensity less than 0.1% 
and X-rays with energies below 10 keV, since transmission 
of these through 0.0125 cm nitinol capsule thickness is 
negligible. Table 1 shows the photon spectrum used, with a 
total emission intensity of I = 2.2970 Bq-1 s-1. In order to 
check chosen spectrum influence on the results, two simula-
tions have been carried out to calculate absorbed dose to 
water in the Y-axis. One of these simulations takes the spec-
trum used in this work and the other one takes reference 
publications spectrum, only composed of gamma rays from 
Glasgow and Dillman study [6], finding results in excellent 
agreement within statistical uncertainties. 

B. Dosimetric calculations  

The radioactive source is placed in the centre of a spheri-
cal phantom that is 30 cm in diameter for calculations in 
water and 5 m in diameter for calculations in air. TG-43U1 
phantom ambient conditions have been followed, using 
22 ºC water, and 1 atm pressure and 40% relative humidity 
air. In the simulations, only the part of the wire inside the 
phantom has been considered as effective length. 

TG-43U1 formalism sets up a general expression for ab-
sorbed dose rate in water around brachytherapy sources: 

0 0

( , )
( , ) ( ) ( , )

( , )K
G r

D r S g r F r
G r


 


 

 (1) 

In order to obtain air kerma strength, SK, it will be fol-
lowed the procedure described by Williamson and Li [7], 
calculating air kerma rate in air, from 2 to 100 cm away 
from the source, every 1 cm, along the Y-axis. Air kerma 
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strength value is estimated by fitting these data to the linear 
equation:  

2( ) KK d d S d  

 (2) 

Table 1 Spectrum of 192Ir photons used in this work. Last line shows the 
weighted average energy, the total emission intensity and the total 

weighted uncertainty in the photon yield 

Energy (keV) Intensity (Bq-1 s-1) Uncertainty (%) 

61.49 0.0120 3.3 
63.00 0.0205 2.9 

65.12 0.0263 2.3 

66.83 0.0446 2.2 

71.08 0.0024 2.9 

71.41 0.0047 2.8 

73.36 0.0016 3.1 

75.37 0.0053 2.1 

75.75 0.0103 2.0 

77.83 0.0037 2.2 

136.34 0.0020 15.0 

201.31 0.0047 1.7 

205.79 0.0334 1.2 

283.27 0.0027 1.1 

295.96 0.0272 0.5 

308.46 0.2968 0.5 

316.51 0.8271 0.3 

374.49 0.0073 0.8 

416.47 0.0067 3.1 

468.07 0.4781 0.5 

484.58 0.0319 0.8 

489.06 0.0044 3.2 

588.58 0.0452 0.5 

604.41 0.0820 0.5 

612.46 0.0534 1.5 

884.54 0.0029 2.4 

354.50 2.2970 0.6 

 
where alpha describes the deviation of air kerma rate in 
regards to inverse square law, due to attenuation and scatter-
ing of photons in air. In this equation, values of air kerma 
rate are the result of multiplying kerma per primary photon 
emission, obtained in MC simulations, by total photon 
emission intensity: 

( ) ( )K d K d I 

 (3) 

in units of cGy h-1 Bq-1. 
To score kerma, cylindrical cells 1 cm thick and 1 cm 

high, located in the plane z = 0, are taken in simulations in 
air. The contribution to SK owing to contaminant X-rays 
from the capsule with energy less than 10 keV, is removed 
by choosing a cutoff energy δ = 10 keV for photons simu-

lated in MC calculations. For geometry factor calculation, 
elementary trigonometric expressions are used. 

Dose rate in water is the needed quantity to estimate dose 
rate constant, radial function and anisotropy function [4], 
and is given by: 

( , ) ( , )D r D r I 

 (4) 

in the same way as air kerma rate. In order to store simula-
tions results in water, it has been used 0.5 mm thick concen-
tric spherical shells and an angular width of 1º in polar and 
azimuthal angles. Cylindrical symmetry of this source al-
lows this 3D grid system to become a 2D one in polar coor-
dinates r (from 0 to 15 cm) and θ (from 0º to 180º).  

C. Procedures in MC simulations   

Photon emission from the source is produced isotropical-
ly, and homogeneity in the active core is assumed. A photon 
history finishes when its energy falls below the absorption 
energy or if the photon trajectory goes outside the bounda-
ries of the phantom. 

Absorbed dose in water has been calculated as kerma, in 
order to avoid secondary electrons transport that would 
highly increase simulation time. This method can be carried 
out when two premises for 192Ir source are assumed: the first 
one is that condition of charged particle equilibrium occurs, 
so absorbed dose can be calculated as collision kerma. The 
second premise is the equivalence between collision kerma 
and  kerma, since radiative fraction of 192Ir photons in water 

Table 2 Radial function, g (r), for the 192Ir HDR VariSource VS2000 
source in this work and comparison with reference data 

r (cm) 
g (r) 

This work  Reference [1,2] 

0.2 0.976 0.985 

0.3 0.989 0.990 

0.5 0.991 0.995 

0.7 1.000 0.998 

1.0 1.000 1.000 

1.5 1.002 1.002 

2.0 1.006 1.005 

2.5 1.007 1.006 

3.0 1.005 1.006 

4.0 1.006 1.002 

5.0 0.995 0.993 

6.0 0.984 0.981 

8.0 0.941 0.941 

10.0 0.879 0.881 

12.0 0.803 0.803 

14.0 0.693 0.693 

15.0 0.604 0.609 
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is very small, less than 0.3% [8]. This approximation has 
been validated with MC calculations of absorbed dose and 
kerma in Y-axis, finding results that are in good agreement 
between both magnitudes for distances over 2 mm. As a 
consequence, results of this work can only be applied start-
ing from this distance away from the source. 

To obtain kerma, energy transferred to electrons of the 
medium by photons is scored. This energy is locally depo-
sited with no electron transport involved. 

To achieve reasonable statistical uncertainties it has been 
necessary to consider a number of histories from 7.5x109 for 
the radial function to 2.25x1011 for the anisotropy function. 
The photons cutoff energy has been taken 10 keV for all 
MC calculations. No variance reduction techniques have 
been used in this study.  

 

III. RESULTS 

Uncertainties reported on Angelopoulos et al. paper [1], 
previous to TG-43U1, are only statistical uncertainties, due 
to MC simulations. These values are lower than 1% for 
points belonging to 10 <  < 170 and less than 3% when 
 < 10 or  > 170. In the current study, TG-43U1 recom-
mendations about uncertainties analysis have been fol-
lowed, taking both statistical (type A) and systematic 
(type B) uncertainties into account.  

Absorbed dose rate in water is the basic quantity to eva-
luate dosimetric parameters and is obtained by equation (4). 
Three components are considered in calculating dose rate 
uncertainty. One of them is type A, less than 0.5% for all 
analyzed points. The other two are type B: the first one

Table 3 Anisotropy function, F (r, θ), for the 192Ir HDR VariSource VS2000 source. Data not shown correspond to phantom cells intersecting the source 

θ (deg) 
r (cm) 

0.25 0.5 1 3 5 7 10 12 15 

0.5 

 

0.580 0.515 0.561 0.613 0.656 0.715 0.726 0.732 

1.5 0.586 0.536 0.583 0.636 0.680 0.728 0.740 0.746 

2.5 0.596 0.550 0.602 0.654 0.692 0.743 0.753 0.763 

3.5 0.616 0.575 0.626 0.677 0.715 0.758 0.768 0.779 

4.5 0.641 0.608 0.658 0.703 0.739 0.777 0.788 0.793 

5.5 0.671 0.645 0.686 0.727 0.757 0.793 0.803 0.808 

7.5 0.732 0.703 0.738 0.770 0.792 0.825 0.830 0.834 

9.5 0.932 0.781 0.752 0.780 0.805 0.828 0.849 0.853 0.860 

12.5 0.945 0.833 0.806 0.826 0.846 0.863 0.881 0.882 0.886 

14.5 0.952 0.858 0.836 0.850 0.867 0.881 0.895 0.895 0.902 

19.5 0.967 0.904 0.887 0.895 0.905 0.911 0.926 0.922 0.928 

29.5 0.985 0.956 0.942 0.947 0.949 0.952 0.962 0.958 0.962 

39.5 0.996 0.980 0.971 0.973 0.976 0.976 0.983 0.976 0.979 

49.5 1.004 0.995 0.989 0.990 0.991 0.994 0.996 0.991 0.995 

69.5 1.007 1.008 1.005 1.007 1.007 1.006 1.011 1.006 1.004 

89.5 1.009 1.014 1.011 1.011 1.010 1.013 1.017 1.010 1.013 

109.5 1.005 1.011 1.006 1.007 1.007 1.006 1.011 1.006 1.004 

129.5 1.004 0.995 0.989 0.992 0.991 0.994 0.999 0.993 0.995 

139.5 0.998 0.984 0.975 0.977 0.979 0.982 0.986 0.978 0.979 

149.5 0.986 0.960 0.947 0.951 0.952 0.958 0.964 0.960 0.962 

159.5 0.971 0.911 0.894 0.903 0.911 0.916 0.931 0.928 0.928 

164.5 0.955 0.872 0.850 0.863 0.876 0.887 0.902 0.901 0.902 

167.5 0.945 0.835 0.810 0.829 0.843 0.863 0.881 0.880 0.886 

169.5 0.939 0.802 0.775 0.797 0.820 0.839 0.861 0.861 0.869 

172.5 

 

0.737 0.702 0.735 0.765 0.792 0.824 0.828 0.833 

173.5 0.706 0.670 0.708 0.741 0.774 0.805 0.813 0.816 

174.5 0.667 0.634 0.677 0.718 0.751 0.789 0.795 0.802 

175.5 0.630 0.591 0.640 0.686 0.727 0.767 0.776 0.784 

176.5   0.542 0.596 0.651 0.692 0.740 0.757 0.764 

177.5    0.550 0.610 0.662 0.711 0.728 0.741 

178.5    0.477 0.551 0.609 0.673 0.697 0.703 
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corresponding to EPDL97 library cross sections used in the 
PENELOPE code and is estimated to be 2% [9]; the other 
one is the calculated uncertainty of photon emission intensi-
ty (Table 1), with a value of 0.6%. Kerma rate in air uncer-
tainty will be calculated in the same way. All uncertainties 
are estimated with a coverage factor k = 1. 

Assuming so that three components considered are statis-
tically independent and random, total dose rate relative 
uncertainty can be estimated as the quadratic sum of these 
components. As a consequence, dose rate in water total 
uncertainty under 2.2% is achieved, and air kerma rate un-
certainty value is 2.1%.  

With regard to analyzed dosimetric quantities, the air 
kerma strength value obtained from equation (2) is 
SK = (10.15  0.21) 10-8 U Bq-1, in agreement with reference 
value, SK = (10.28  0.05) 10-8 U Bq-1. Estimated dose rate 
constant,  is 1.10  0.03 cGy h-1 U-1, versus the reference 
value 1.101  0.006 cGy h-1 U-1, where 1 U = 1 cGy h-1 cm2. 
Radial function, shown in Table 2, differs below 1% from 
reference data. 

Table 3 presents anisotropy function. Differences with 
reference data have been found under 3% for all analyzed 
points except for four of them, placed in r = 0.25 cm and 
very oblique angles, where reaches values up to 5%. This 
leads to a good agreement between results obtained and 
reference data.  

IV. CONCLUSIONS 

In the current study, 192Ir Varisource VS2000 high dose 
rate source has been simulated with Monte Carlo 
PENELOPE code, in order to obtain dosimetric parameters 
of TG-43U1 formalism. Results are in agreement with ref-

erence data taking into account the corresponding uncertain-
ties, and constitute a complete parameter collection which 
can be used for dosimetric calculations as well as a means 
of comparison with other datasets from this source.  
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Abstract—The purpose of the study was examination of en-
ergy dependence of Gafchromic EBT – a new radiochromic 
dosimetry film. The film response was measured irradiating 
the samples with doses from 0.1 Gy to 12 Gy using photon 
beams from the energy range 1.25 MV-25 MV. The samples 
were scanned and the film response was compared for differ-
ent beam energies. The measurements were performed in or-
der to evaluate potential use of radiochromic films in pre-
treatment dosimetric verifications of intensity modulated ra-
diotherapy (IMRT) plans. A high uncertainty in readout of the 
film response was observed for films irradiated with doses 
lower than 1 Gy. The relative difference exceeds 20 % for 
doses below 1 Gy while for doses over 1 Gy the measured film 
response differs by less than 5 % for the whole examined en-
ergy range. No energy dependence of Gafchromic EBT film 
response was observed in the investigated energy range but the 
doses measured for pretreatment plan verifications should 
exceed 1 Gy.  

Keywords—film dosimetry, radiochromic films. 

I. INTRODUCTION  

The most popular dosimetric films are radiographic 
films. They are built as thin and flexible base coated with 
gelatin emulsion containing metal-halide such as silver 
bromide or silver chloride radiosensitive crystals. Due to the 
high atomic number of the radiosensitive components the 
radiographic films are radiation energy dependent. In case 
of the phantom dosimetry the films are overresponding rela-
tive to the adjacent tissue equivalent material due to higher 
probability for photoelectric interactions of photons particu-
larly of energy below 400 keV with the silver atoms present 
in the emulsion [1]. 

Radiochromic films are typically built of microscrystals 
of diacetylene monomers embedded in a gelatin binder [2]. 

In recent years a new type of radiochromic films ap-
peared. GafChromic EBT is a radiochromic film based on 
organic Pentacosa-10,12-diynoic acid (PCDA) active com-
ponent. The PCDA monomer immediately polymerizes and 
becomes progressively blue when irradiated by high energy 
photon beams. The GafChromic EBT (external beam ther-
apy) is nearly tissue equivalent and offers high spatial  

resolution what makes them suitable for measurements of 
dose distributions where high dose gradients are present. 
Gachromic EBT films are intended for use in the phantom 
dosimetry for verification of planned dose distributions in 
IMRT. The films are practically not sensitive to room light 
and do not need further processing. However they should be 
kept away from UV radiation present in the sunlight or 
emitted from glow-tube lighting [3]. 

The main goal of this study was to investigate the energy 
dependence of the film response. Due to the atomic compo-
sition of Gafchromic EBT similar to the typical tissue 
equivalent phantom materials this dependence is expected 
to be very limited. 

II. MATERIALS AND METHODS 

The films of size 8 × 10 square inches were cut into 
pieces of size 4 × 5 cm2. The samples were sent by post in 
light-proof envelopes to Warsaw, Gliwice, Vienna and 
Wrocław cancer centres and irradiated using photon beams 
of different energies. 

During irradiation each EBT sample was placed between 
the slabs of SolidWater type 457 (Gammex RMI) or RW3 
(PTW-Freiburg) water equivalent phantom at 10 cm depth. 
The films were exposed to doses from 10 cGy up to 
1200 cGy at a distance of 100 cm from a beam source. The 
beam axis was pointing on the geometrical center of each 
film sample. The following machines were used in the 
study: Varian linear accelerators: type “Clinac 2300 C/D” 
(6  and 15 MV), type “Clinac 23 EX” (6 and 20 MV) and 
type 2100 C/D (4 and 10 MV), Elekta linear accelerator 
type “Sli precise” (25 MV) and MDS Nordion Co-60 unit 
“Theratron 780E” (1.25 MV).  

The irradiated samples were digitized in agreement with 
all recommendations [4] for Gafchromic films using an EP-
SON Perfection V750 flat-bed scanner in 48-bit red, green, 
blue (RGB) color mode. Only the red channel images were 
taken for further processing due to the highest absorption of 
red light by a blue dye of the active component present in 
EBT films. 
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Each film sample was read in a session of five successive 
scans keeping the same film orientation. Also the non irra-
diated film was scanned for background correction. Before 
each readout session the scanner with the films placed on 
the glass were warmed up with three successive scans. 

FilmQA software was used for processing of the digital 
images. Only the red channel data were taken for further 
processing due to the highest absorption of red light during 
scanning by a blue dye of the active component present in 
EBT films. A region of interest (ROI) of size 
49.89 mm × 40.32 mm was defined centered in the middle 
part of each image. The mean pixel value (PV) and the 
standard deviation of PV in the ROI was measured. The 
results were averaged over the five successive images ac-
quired for each sample. 

III. RESULTS 

In Figure 1 the film response is presented for several 
beams investigated in the study. A high uncertainty in readout 
of PV was observed for doses below 1 Gy. In Figure 2 the 
normalized PV is presented. The data was normalized using 
the mean PV for each dose. The relative difference in PV 
exceeds 20 % for doses lower than 1 Gy while in the dose 
range over 1 Gy the measured film response differs by less 
than 5 % for the whole examined energy range. 

IV. DISCUSSION 

The high uncertainty in readout of PV for doses below 
1 Gy are probably due to the low signal to noise ratio of the 
scanner for materials with low optical densities. In general 
the radiochromic films give lower response than 
radiographic films. Also the non uniform distribution of the 
active component over the surface of the film and the non 
perfect contact between the film surface and the scanner 
glass may affect the readout results. The mentioned effects 
are less pronounced for films irradiated with higher doses. 

V.  CONCLUSIONS 

The Gafchromic EBT films do not show any energy 
dependence for the investigated beam energy range and for 
the available precision of the flat-bed scanner. However 
measurements of the doses in the range below 1 Gy with 
Gafchromic EBT films demand special attention. If EBT 
films are used in pretreatment dosimetric verifications of 
IMRT plans the verified doses should exceed 1 Gy. 

 

Fig. 1 The response of the film samples irradiated with different doses for 
the beam energy range 1.25MV-25MV. The PVs were corrected using the 
background of a non irradiated film 

 

Fig. 2 The relative response of the film samples. The normalized PV 
for each dose was obtained by dividing the film response by the mean 
PV for all beam energies 
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Design and fabrication of the control part of a prototype multileaf collimator
system
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Abstract Multileaf collimator (MLC) is among the radia-
tion field shaping systems used for conformal radiotherapy
and intensity modulation radiation therapy techniques. The
MLC system we have designed and fabricated includes 52
leaves, 52 stepper motors, 2 DC motors, 16 programmable
logic controllers (PLC) and one Human Machine Interface
(HMI). This system is able to be mounted on the conventional
linear accelerators (linac) as an add-on accessory. The 52
leaves are mounted on 2 carriages that are moved indepen-
dently. The leaves sequence acquired from an image
processing of CT images is used to arrange leaves. This se-
quence is saved in a text file. The leaves are arranged as fol-
lows: a) using HMI, it is possible to test the operation of PLCs
and enter the numerical values of the leaves edges by hand; b)
using labVIEW program, an executable file is developed that is
graphical user interface between the operator and the control
system of MLC. In this program, it is possible to load the file
including sequence leaves edges and then view the leaves ar-
rangement obtained through the encoder feedback of each
motor.

Keywords Design, Fabrication, Control, Multileaf collimator

I. INTRODUCTION

In the last few years radiation therapy has focused on
how to improve tumor control by increasing total dose per
fraction, while keeping the dose to organs at risk as low as
possible [1]. Many organs relatively sensitive to radiation
damage (the spinal cord, salivary glands, lungs and the eyes
are common examples) must be given special consideration
during radiotherapy treatment planning. Explicit field shap-
ing of the beam is required to reduce the amount of healthy
tissue irradiated, and multiple beams are used to lower the
dose absorbed by issue outside the target volume [2].

Among the shaping systems, that is used to match the
radiation filed with the contour of target volume, can be
mentioned to multileaf collimator (MLC). The MLC has
movable leaves, or shields, which can block some fraction
of the radiation beam; typical MLCs have 20 to 120 leaves,
arranged to pairs. By using the computer control to position
a large narrow, closely abutting leaves, an arbitrary shaped
field can be generated [2]. There are many researchers to
make a computer-controlled MLC system [3, 4, 5]. This

article explains the control process of our MLC design and
fabrication. Also we present the design for an alternative
control section of MLC system that allows a high precision
shaping of large fields. This system is controlled precisely
and easily by PLCs and can be improved in future studies.

II. MATERIALS AND METHODS

The MLC system includes 52 leaves, 52 stepper motors
[6], 2 DC motors, 16 PLCs [7] and one HMI [7]. The speci-
fications and functions of this MLC prototype are described
in the following parts.

Mechanical part: Aluminum alloy is the material of
choice for leaf construction because the low cost in the
machining processes of research phase. The collimating
device is made up of two opposing banks of 26 pairs of 5
cm height, 20 cm length and 1 cm width. The projected
width of each leaf and the maximum field size on the iso-
center of a Varian linear accelerator can be 10 mm and
26×40 cm2. The 52 leaves (26 per side) are mounted on 2
carriages that are moved independently, to extend their
movements across the radiation field. The leaves ends move
perpendicular to the beam’s central axis and have parallel
design. The top and oblique views of our MLC are shown in
Figures 1 and 2.

Fig. 1 Top view of MLC
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Fig. 2 Oblique view of MLC

Dynamic part: Each leaf is moved by a combination in-
cluding 3 parts: a DC motor, a gearhead and an encoder [6].
Triangular thread screws are used to convert rotation to
linear motion. The pitch of thread is 0.7 mm. Miniature slit
type flexible coupling is used between the DC motor shaft
and the screw in each leaf [8]. This coupling is used to pre-
vent non-axial between the motor shaft and the triangular
thread screw. This part is shown in Figure 3.

Control part: The MLC control unit consists of 14 PLCs
to control the motors of leaves and 2 PLCs to control the
leaves carriages. One of PLCs is link between PLCs and
HMI/PC. Each four contiguous leaves are controlled by one
PLC. The connection through PLCs is done via the RS-485
port. The communication between the operator and the
MLC system is done via two ways: HMI and PC. HMI and
PC are communicated with one of PLCs (mentioned above)
by RS-485 port and RS232 to RS485 converter respectively
[7]. The 2 power supplies are provided 24 VDC. Changing
the direction of leaf motion is done by the power relay [7].
This power relay is controlled by one of PLCs. These ele-
ments (PLCs, power supplies, power relay, converter and
HMI) are installed into a computer case. This part is shown
in Figures 4 and 5.

Fig. 3 View of the dynamical part of MLC

Fig. 4 Inside view of the case of PC

The feedback, which is obtained from the revolution of
motor shaft, is send by he encoder and RS-232 port to PC.
The detection of the position of leaf and the operation of
motor are done by this feedback.

The computer-controlled MLC system is done in the en-
vironment of labVIEW program. In this program, an ex-
ecutable file is developed with the name of MLC.vi. This
program is GUI (graphical User Interface) between operator
and MLC control unit.

III. RESULTS

The information acquired from a tomography technique
such as CT is used to arrange the position of leaves in a
MLC system. The position of leaves, which is named se-
quence leaves edges, can be saved in a text file. This file
must include 52 numbers which are the coordinates of the
contour of target volume.

Fig. 5 View of the case of PC (HMI)

  
 

IFMBE Proceedings Vol. 25
 

156 M.T. Bahreyni Toossi, A. Hashemian, and Sh. Nasseri



Fig. 6 MLC.vi program

The leaves are arranged by the following ways: a) using
HMI, it is possible to test the operation of PLCs and enter
the numerical values of the leaves edges by hands; b) using
labVIEW program, an executable file is developed that is
graphical user interface between the operator and the con-
trol system of MLC. In this program, it is possible to load
the file including sequence leaves edges and then view the
leaves arrangements obtained through the encoder feedback
of each motor. Also, it is possible to enter the numerical
values of the leaves edges by hand in two columns. The
environment of this program and the MLC configuration are
shown in Figures 6 and 7.

Fig. 7 MLC configuration

IV. CONCLUSIONS

In this prototype MLC, the control part is designed and
fabricated by using the Programmable Logic Controllers.
The following describes the advantages of PLC, with re-
spect to the microprocessors.

 The capability to develop easily the dynamical
part; e.g. in changing the geometrical design of
the leaf.

 The capability to detect leaf position in relation to
achieve safe and reliable position control using the
mechanism such as video-optical system, without
to make important changes in wiring.

In a typical MLC configuration, each of leaves is moved
to the opposing leaves or vice versa by using the power
relay, simultaneously. It is a potential limitation to decrease
the time for the MLC configuration. It is hoped that this
limitation is removed in the next designs via to develop the
control part.
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Abstract— To quantitatively assess of Gating Radiotherapy 
(GRT) system and Dynamic Tumor Tracking Radiotherapy 
(DTTRT) system using MLC developed at KIRAMS (Korea 
Institute of Radiological & Medical Sciences) and evaluate 
effectiveness and efficiency of beam delivery for the both RT 
system. DTTRT system resulted to same treatment effect 
compared with the GRT system controlled with the gating rate 
of 20%. However, when treat by applying lower gating rate for 
the GRT system, longer treatment time give inconvenience to 
patients and cause obstacle to effective utilization of the 
equipment. On the one hand, DTTRT system presents 
advantage to reduce treatment time and to achieve effective 
dose delivery. 

Keywords— Respiratory motion, Gating Radiotherapy, Target 
Tracking Radiotherapy, MLC 

I. INTRODUCTION  

Radiation therapy is a treatment modality directed toward 
local control of cancer. The primary goal of radiation 
therapy is to ensure precise radiation delivery to kill tumor 
cells and minimize radiation dose to surrounding healthy 
tissues and critical structures [1]. However, the quality of 
radiation treatment is degraded by respiratory motion [1-3].  

Breath-hole technique has been used to conventional 
method to reduce respiratory [4-6]. However, in the case of 
breath-hold technique, breathing-holding rate is irregular 
according to patients. In addition if patients’ breath-hold is 
not maintained for definite period of time required in the 
treatment, the treatment is practically impossible. Also 
breath-hold puts burden onto patients at the time pursuing 
patient’s care quality. Therefore, researches for the 
reduction of respiratory motion proceed to respiration 
gating technique [7-8] and target tracking technique. 

KIRAMS (Korea Institute of Radiological & Medical 
Sciences) is conducting the research to develop Gating 
Radiotherapy (GRT) system and Dynamic Tumor Tracking 
Radiotherapy (DTTRT) system using MLC (Multileaf 
collimator). The GRT system restrict the range of target 
volume by periodically beam on/off according to the 
amplitude and phase of breathing pattern of patients.  The 
other side, the DTTRT system performs radiotherapy by 

tracking target according to synchronizing MLC [9] 
controlled to PTV shape with respiratory signal. This study 
intended to quantitatively assess of GRT system and 
DTTRT system realized in KIRAMS and evaluate 
effectiveness and efficiency of beam delivery for the both 
RT system. 

II. MATERIALS AND METHODS 

GRT and DTTRT system use Real-Time Position 
Management (RPM) based on video monitoring system. In 
stage of experiment, a respiratory motion simulator using 
the signal of internal organ motion was applied instead of 
organ motion because it was impossible to exposure high 
energy radiation to patient. If a living body is used to 
experiment, it is impossible to acquire quantitative delivered 
dose data. However, the respiratory motion simulator can 
afford to acquire high confident quantitative data by 
installing a film for beam verification.  

Movement signals acquired from organ motion caused by 
respiration were used to control mechanically the 
respiratory motion simulator (RMS) to simulate patient 
organ movement by the use of an AC servo motor. The 
mechanical respiration moving simulator was made of an 
aluminum alloy to minimize deformation during 
experiments and its maximum moveable distance was 10 
cm in the x direction. This feature is in consideration of a 
sufficient distance to simulate patient organ movement, as 
the actual internal human organ maximum movable distance 
is within 10 cm [10-13]. The movement resolution was 
designed as 0.005 mm. The response speed of the system 
was 30 ms, as for the MLC target tracking system, but it 
was programmed to transmit a new position value per 50 ms 
cycle based on a consideration of synchronization with 
other equipment in the actual experiments. 

 
Experiments for Electiveness of Dose Delivery  

The displacements of internal organ and abdomen 
surface of a patient were simultaneously measured in the 
stage of radiation therapy planning. This signal of organ 
motion was applied to the respiratory motion simulator and 
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the displacement of abdomen was used to start signal to 
control GRT’s gating and the MLC moving stage. 
Diaphragm, which can afford to track movement of organ 
with simple imaging processing without metal maker was 
selected as organ target, and the movement data of the 
diaphragm was stored instead of virtual respiratory signal. 
The first evaluation condition was to simulate radiotherapy 
in the state of no organ movement, which respectively 
assumed that physiological phenomena were stopped. The 
second evaluation was to simulate radiotherapy treatment in 
the state of organ movement with a maximum 1 cm 
displacement in the x direction that was realized by 
simulating organ movement with a pre-acquired signal of 
actual organ movement. The third evaluation was to 
simulate radiotherapy in the state assuming that the organ 
was moving and simultaneously the gate or MLC was 
moving within limited widths.  

The first evaluation condition was to simulate 
radiotherapy in the state of no organ movement, which 
respectively assumed that physiological phenomena were 
stopped. The second evaluation was to simulate 
radiotherapy treatment in the state of organ movement with 
a maximum 1 cm displacement in the x direction that was 
realized by simulating organ movement with a pre-acquired 
signal of actual organ movement. The third evaluation was 
to simulate radiotherapy in the state assuming that the organ 
was moving and simultaneously the gate or MLC was 
moving within limited widths. 

Table 1 Operation parameters for evaluation of dose delivery using GRT 
system and DTTRT system 

Operation parameters 

Radiation type Co-60 -ray 

Delivered dose 4 Gy 

Field Size 4×10 cm2 

SSD 100 cm 

Build-up 0.5 cm 

Displacement ±0.5 cm, in x axis 

Film Gafchromic EBT 

 

Research purpose Co-60 teletherapy unit was used to 
evaluate characteristics of developed GRT and DTTRT 
system.  SSD (Source-to-Surface Distance) was adjusted to 
100 cm because the both system should be additionally 
installed to the radiation therapy unit. EBT film was located 
on the solid water phantom of 5 cm in thickness and solid 
water phantom of 0.5 cm in thickness was added to the film 
for buildup, and the radiation dose of 4 Gy was delivered. 
Detail experimental parameters were listed in table 1.   

Fig. 1 The GRT system controlled by the signal of abdomen surface and 
respiratory motion simulator modeling organ motion due to respiration 
instead of patient in treatment time(left), Co-60 teletherapy unit installed 
with the DTTRT system (right). 

Fig. 1 shows the GRT system controlled by the signal of 
abdomen surface and respiratory motion simulator modeling 
organ motion due to respiration instead of patient in 
treatment time, Co-60 teletherapy unit installed with the 
DTTRT system.  

To evaluate the quantitative effectiveness of the 
developed radiation therapy system, penumbra widths 
(80%/20%), which measured distances between 80% and 
20% of the delivered maximum dose, were analyzed from 
the measured target images on GafChromic EBT film (ISP, 
Wayne, NJ USA). To acquire quantitative data, isodose 
curves and penumbra regions on the resulting images were 
created by using a commercial flatbed scanner (Seiko Epson 
Expression 1680 Pro, Nagano, Japan) with a scanning 
resolution of 3200 pixels per inch and the use of 
commercial software (Verisoft verification software; PTW, 
Freiburg, Germany).  

Penumbra width was measured by converting 
corresponding pixel value to actual distance. In this 
experimental condition, actual distance for acquired pixel 
value was calculated by appling 0.265 mm for one pixel. 

III. RESULTS  

The effects of normal tissue surrounding a tumor by 
organ motion in real radiotherapy treatment were 
quantitatively evaluated for the GRT system and DTTRT 
system. Penumbra widths were analyzed from the target 
image exposed on an EBT film as listed in Table 2.  

For assumption that the biological reaction of a living 
body was stopped in the GRT system, i. e., phantom was 
fixed, average penumbra widths were measured to 2.7 mm 
(left side) and 3.2 mm (right side) for whole gating during 
treatment (gating rate of 100%). Average penumbra widths 

 

 

 

  
 

IFMBE Proceedings Vol. 25
 

Quantitative Evaluation of Gating Radiotherapy System and Dynamic Tumor Tracking Radiotherapy System 159



were measured to 8.0 mm (left side) and 7.0 mm (right side) 
for whole gating during treatment by moving phantom of 
maximum 1 cm displacement by synchronizing with the 
preacquired signal of organ motion according to the 
assumption that organ was moved. Average penumbra 
widths were measured to 4.9 mm/4.7 mm, 3.2 mm/4.1 mm, 
2.9 mm/4.1 mm, 1.7 mm/3.7 mm (left/right) for the 
assumption of phantom moving within maximum 1 cm 
displacement for the gating rate of 50%, 30%, 20%, 10%, 
respectively.  

Average penumbra widths were measured to 2.8 mm (left 
side)/3.2 mm (right side) for the assumption that phantom 
and the MLC were fixed, to 7.7 mm (left side)/7.2 mm 
(right side) for the assumption that phantom was moved and 
the MLC was fixed during, and to 3.2 mm (left side)/3.8 
mm (right side) for the assumption that phantom and the 
MLC were both fixed during treatment. These results 
indicated that the differences of penumbra widths for the 
case of both moved phantom and MLC were relatively 
small from 0.4 mm to 0.6 mm compared to that for fixed 
phantom and moved MLC, and relatively large from 3.4 
mm to 4.5 mm compared to that for fixed phantom and 
fixed MLC. 

Average penumbra widths after the exposure of 4 Gy 
radiation dose for DTTRT system showed almost same 
effect compared to GRT system operated with the gating 
rate of 20%. 

The other side, if radiation was exposed to the phantom 
with 4 Gy for the same period of 3 minutes, radiation dose 
was considered to be same for the GRT system operated in 
the gating rate of 100% and DTTRT system. However, the 
gating rates of GRT system, 50%, 30%, 20%, and 10% 
resulted in the calculated radiation dose of 2 Gy, 1.2 Gy, 0.8 
Gy, and 0.4 Gy, respectively. 

 
Table 2 The results of penumbra width on the EBT films for the GRT 

system and DTTRT system. (Penumbra widths were measured from 20% 

to 80% of maximum dose on the beam delivered EBT films.)  
x-axis(mm) Beam delivery conditions left right

Fixed phantom & 100% gating rate 3.2 2.7
Moving phantom & 100% gating rate  7.0 8.0
Moving phantom & 50% gating rate  4.7 4.9
Moving phantom & 30% gating rate  4.1 3.2
Moving phantom & 20% gating rate  4.1 2.9

GRT 
System 

Moving phantom & 10% gating rate  3.7 1.7
Fixed phantom &  fixed MLC 3.2 2.8

Moving phantom & fixed MLC 7.2 7.7DTTRT 
System Moving phantom  & moving MLC 3.8 3.2

IV. CONCLUSIONS  

In this study, the effectiveness and efficiency of dose 
delivery was evaluated by comparison between the GRT 
system and the DTTRT system developed at the KIRAMS. 
The results showed that radiotherapy treatment effect for 
DTTRT system was nearly same that for GRT system 
operated in the gating rate of 20%. However, the reduction 
of the gating rate for the GRT system cause to increase the 
treatment time, therefore to bring the inconvenience to 
patients and obstacle for effective use of the equipment. The 
other side, the use of DTTRT system resulted in the 
reduction of treatment time and the loss of radiation dose. In 
the future, if various verification processes are performed 
through not only verification but also in vivo experiments 
using a respiratory motion simulator, the applying GRT 
system and the DTTRT system will make high efficiency 
and accurate radiotherapy possible 
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Abstract––Background: The dose distribution is affected by 
tissue inhomogeneities and purpose of this article is a 
dosimetric evaluation of corrective role of computerized 
tomographic (CT) data in radiotherapy treatment planning 
(RTP) for different parts of the body.  

Method & materials: 54 cases of head&neck, pelvis, 
abdomen and breast cancers were included. All of them were 
imaged with same CT Scan. Each case was planned without 
and with CT-based density correction by a two dimensional 
ALFARD RTP system. Analysis of dosimetric parameters was 
done for with and without inhomogeneity corrections based on 
effective path length method. Dosimetric parameters are dose 
uniformity (Te), average (Davg), minimum (Dmin) and 
maximum (Dmax) doses for both the planning target volumes 
and organs at risk.  

Results: Typical results of the mean differences (MD) 
between corrected and non-corrected dose parameters in TV’s 
were shown below.  

 

Conclusion: Present study showed the role of CTS for 
dosimetric corrections. However, findings confirm that CT 
correction for density variation shows different improvements 
for different parts of the body. In some parts, if correction not 
applied, the dose deviations can be out of tolerance limits 
defined by standards for tumors and normal tissues.    

Keywords––Radiotherapy planning, density correction, 
target volume, organ at risk, CT planning. 

I. INTRODUCTION 

Availability to CT data compatible for radiotherapy 
treatment planning systems (RTPS) is a problem in majority 
of radiotherapy physics department. However, planning 
without corrections for different organs densities variation 
can still be considered. On the other hand, internal organs 
localization and maximizing the dose to the planning target 
volume while minimizing the dose to normal tissues are the 
basis of an effective treatment in radiotherapy [1-17]. 

Progress in medical imaging over the past three decades has 
revolutionized the calculation and controlled delivery of 
radiation therapy. Examining the sources of uncertainties in 
the radiation process provides insights into ways in which 
imaging can be used to improve treatment. Uncertainties in 
the process begin with those associated with target 
delineation and pass from the methodology of dose 
calculation and distribution. The initial studies on the use of 
computerized tomographic (CT) scan in treatment planning 
documented that tumor coverage without a CT scan was 
inadequate in 20% of the patients, marginal in another 27%, 
and adequate in 53% of the studied population. Defining the 
extent of the target volume in an accurate, consistent, and 
efficient manner is clearly important [2]. 

A second source of uncertainty is prescribing the 
appropriate dose sufficient for local control. A more 
accurate knowledge of the physical and electron densities of 
normal and pathological tissues can lead to delivery of 
higher tumor doses while sparing normal structures, in order 
to achieve greater local control without increasing 
treatment-induced morbidity [3,4,5].  

Purpose of this article is a dosimetric quantitative 
approach to the corrective role of CT-based treatment 
planning. The effect of different tissues inhomogeneities 
was assessed on dose distribution within the irradiation 
volume while the other radiation field and setup parameters 
were kept the same.      

II. METHOD AND MATERIALS 

CT imaging of the interested regions were done for 54 
cases undergoing treatment with Cobalt -60 machine. They 
were consisted of head and neck (17 cases or 31.5%), pelvis 
(15 cases or 27.8%) and chest wall (22 cases or 40.7%) with 
similar CT scanner (Siemens product). The DICOM1 format 
of the CT raw data was sent to the two dimensional 
treatment planning system (2DRTPS ALFARD system). 
Planning system validity is routinely checked against 
dosimetry in the same geometric condition. Two methods of 
planning were used for dose calculation both in planning 
                                                           
1 Digital Imaging and Communications in Medicine (DICOM). 

MD% Head&neck  
(p-value) 

Abdomino-
pelvic 

(p-value) 

Thorax(Breast) 
(p-value) 

Te 0(0.50) 1.590(0.30)- 7.13(<0.001)  
Davg 0.012(0.05) 0.993(0.50)- 4.65(0.043) 
Dmin 0(0.99) 0.890(0.91)- 1.79(0.37) 
Dmax 0(1.00) 1.290(0.05) 1.61(0.10)- 
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target volume (PTV) and organs at risk (OAR); 1. 
Treatment planning based on CT data in DICOM format 
based on the corrected for bulk heterogeneities by means of 
effective path length method (Group I) and 2. Planning 
based on CT images in JPEG format which were not 
corrected for tissues heterogeneities (Group II).  

Dose distribution parameters consisting of distribution 
uniformity factor (Te), Average dose (Davg), minimum dose 
(Dmin) and maximum dose (Dmax) were calculated with both 
planning methods. The significance of variables differences 
between with and without correction groups (I and II) were 
tested analytically by means of paired “T” test.  

III. RESULTS 

Various dosimetric parameters were compared after 
calculation the dose distribution with and without tissues in-
homogeneity correction both qualitatively ant 
quantitatively. Typical qualitative find out from chest wall 
irradiation was shown in Figure 1. The same assessments 
were obtained for head and neck as well as abdomino-pelvic 
areas. The effect of CT data on planning and iso-dose 
distribution was shown in Figure 1a. Different tissues in this 
section demonstrate their unique densities so that iso-dose 
lines represent dose distribution based on the in-
homogeneities concerned in irradiation area. Planning based 
on homogeneous target area shows different iso-dose lines 
distribution in target volumes (e.g. left breast tissue) and 
other organs at risk (e.g. left lung) (Fig.1b). Point of Dmax 
and geometry of radiation tangent fields were also shown in 
these figures. 

  
                  (a)                                                (b) 

Fig. 1 Dose distribution in left breast and chest wall is shown. Dose 
differences around the lung is considerable. Image (a) is corrected for 
density from CT numbers and image (b) is not corrected for density 
differences 

Quantitative analysis of dosimetric variables consisting 
of mean differences and standard deviations (±SD) with 
their appropriate probability values were shown in Tables 1 
and 2 within the 95% confidence level for target volumes 
and OAR’s, respectively.  

Table 1. Results of treatment planning with and without density correction 
for overall and different irradiation fields 

      
Treatment 

     field 

Dosimetric 
parameter

Chest
wall
M%

(±SD)
(P-value)

Pelvis
M%

(±SD)
(P-value)

Head and 
neck

M% (±SD) 
(P-value)

Overall  
M%

(±SD)
(P-value)

Difference
in Te 

7.13(5.55) 
(<0.001)

-
1.59(3.78)

(0.30)

0(3.54)
(0.50)

2.52(5.93) 
(0.001)

Difference
in Davg 

4.65(6.59) 
(0.04)

0.99(4.69)
(0.52)

0.012(2.02) 
(0.05)

2.00(5.47) 
(0.06)

Difference
in Dmin

1.79(7.44) 
(0.3)

-
0.89(7.12)

(0.91)

0(10.08)
(0.99)

0.39(4.21) 
(0.40)

Difference
in Dmax 

-
1.61(7.43) 

(0.10)

1.29(2.40)
(0.05)

0(3.38)
(1.00)

-
0.21(5.32) 

(0.25)  
 M%=percent of mean, ±SD=Standard deviation. 

Table 2. Results of treatment planning with and without density correction 
for organs at risk in different irradiation fields 

      
Treatment 

     field 

Dosimetric 
Parameter

Lung
M% (±SD) 
(P-value)

Rectum  
M% (±SD) 
(P-value)

OAR’s in 
Head and 

neck
M% (±SD) 
(P-value)

Difference in 
Te

11.03(10.10) 
(0.01)

-0.024(0.10)
(0.41)

3.73(14.42)
(0.24)

Difference in 
Davg 

4.70(21.31)
(<0.01)

-
0.013(0.085) 

(0.04)

0.38(14.51)
(0.31)

Difference in 
Dmin

11.18(9.37)
(<0.01)

-
0.030(0.059) 

(0.50)

-4.07(8.57)
(0.18)

Difference in 
Dmax 

7.50(7.20)
(<0.01)

0.005(0.092) 
(0.02)

3.97(24.08)
(0.61)  

  M%=percent of mean, ±SD=Standard deviation. 

Percent of mean differences between Te’s before and 
after inhomogeneity correction for chest wall irradiation is 
7.13% (±5.55% and p<0.001) with significant value of 2.46.  
The mean differences of Davg is 4.65% (±6.59% and p<0.05) 
and same statistical quantity for maximum and minimum 
doses are controversial (Table 1). Lung is represented as the 
OAR in the treatment of chest wall. Analysis of the 
obtained data for lung shows significant differences before 
and after density correction for air encompassing within the 
irradiated volume (Table 2).   

Findings of pelvis irradiation reveal mostly negative 
changes after correction for inhomogeneities encountered 
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within the irradiation field. The mean differences of Te, 
Davg, Dmin and Dmax are -1.59%, -0.99%, -0.89% and 1.29%, 
respectively (Table 1). Data analysis for OAR (rectum) in 
the treatment of pelvis region showed small differences 
between the calculated doses with and without density 
corrections (Table 2). 

Findings of the head and neck treatment fields showed 
unexpected results. Mean differences of the Te, Davg, Dmin 
and Dmax are equal to zero (p=0.5), 0.012% (p=0.05), zero 
(p=1.00) and zero (p=1.00), respectively (Table 1). The 
results of OAR’s for the treatment of various malignancies 
in the head and neck region were calculated and shown with 
their comparative probability values in the Table 2.  

Overall changes in the dosimetric parameters encountered 
in the treatment planning evaluation after tissue 
inhomogeneities corrections were also shown in the Table 1. 

IV. DISCUSSION 

The types of change necessitated by CT planning as 
compared to conventional planning are summarized in 
Table 3. Overall, about 40% of plans are altered, with the 
greatest percentage, roughly 30%, being due to inadequate 
prescribed dose coverage of target volume [17].  

There are two types of tissue interface most significant in 
radiotherapy; namely between any low-density 
inhomogeneity and soft tissue and between bone and soft 
tissue.  

Table 3 Changes in treatment plans as a result of CT (all sites) 

Study No. of 
patients 

Inadequate
or

marginal 
tumor 

volume
(No.)

Volume
made

smaller  
(No.)

Any 
change
(No.)

Brizel [5] 72 29 (40%) 4 (6%) 44 (61%) 
Emami [6] 32 10 (31%) 2 (7%) 17 (53%) 
Goitein [7] 77 32 (42%) - 40 (52%) 
Hobday [8] 123 29 (26%) 5 (4%) 47 (38%) 

Lee [9]  22 3 (14%) - 3 (14%) 
Munzenrider 

[10] 75 35 (47%) 18 (24%) 41 (55%) 

Pilepich [11] 97 21 (22%) - 21 (22%) 
Prasad [12] 50 11 (22%) 2 (4%) 6 (26%) 

Schlagar [13] 21 6 (29%) - 6 (29%) 
Seydel [14] 23 4 (17%) 2 (9%) 6 (26%) 

Van Dyk [15] 60 - - 36 (60%) 

Totals 652 180 (28%) 33 (5%) 274
(42%)  

In our experience, treatment planning for almost any 
tumor site can benefit from CT-based planning. However, 
the plans are likely to improve the treatment of some sites 
more than others, as outlined in Tables 1 and 2. The head 
and neck area is a region where CT is very useful for 
quantitating tumor extent and thus accurately staging 
disease. This appears to be especially true in regions that 
cannot be palpated or directly visualized, e.g., the paranasal 
sinuses. However, it is unlikely that CT scanning will 
significantly change the treatment volume, as most head and 
neck tumors are treated with large fields that encompass all 
known regions a risk. CT is valuable in designing field 
arrangements that spare normal tissue in head and neck 
cancer, e.g., coned-down wedged oblique fields to avoid the 
spinal cord. CT is also can be useful for determining tissue 
inhomogeneities especially in areas such as the paranasal 
sinues, however, it seems that variations in densities 
especially in paranasal region cancel out each others. In our 
opinion, this is the most prominent cause of minimal 
differences between before and after corrections dosimetric 
parameters in the head region [17-21]. According to AAPM 
report 85 underdosing effects occur at both the distal and 
proximal air cavity interfaces. The magnitude of 
underdosing depends on cavity size, location, and energy. 
Experimental data are therefore required to quantify the 
magnitude of the dose reduction in the vicinity of air tissue 
interfaces [1]. 

Present study has shown a dose distribution discrepancy 
greater than 7% (p<0.001) in chest wall irradiation after 
correction for tissue inhomogeneity. Clinical radiobiology 
indicates that based on tumor dose-response curve with the 
gradient of 3, a decrease of 4% in dose can lead to 12% 
decrease in a specific end effect of tumor response. This 
study has also reported that dose-response curve is not a 
constant function of dose and small variations in absorbed 
dose may severely change the income of radiation therapy 
[18]. Different methods have been discussed in literatures. 
The effects of inhomogeneities may be classified into two 
general categories: (a) changes in the absorption of the 
primary beam and the associated pattern of scattered 
photons and (b) changes in the secondary electron fluence 
[2]. Our findings further indicate that difference of average 
doses in target volume between two methods of dose 
calculations is more than 4% (p=0.04) which has to be 
considered during clinical treatment planning. This result is 
well comparable with value reported for beyond-lung and 
in-lung dose correction [2]. Wong and Purdy [22] provided 
measurements for Co-60, demonstrating the dependence on 
the proximity of low-density regions to points of interest. 
Loss of electron equilibrium within and adjacent to low 
density materials can result in a dose reduction along the 
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central axis and near the beam edge for megavoltage photon 
beams.  

Abomino-pelvic organs are highly sensitive to radiation 
and are considered as the dose limiting organs.  These 
organs have fairly similar physical properties regarding 
atomic number and density so that mimicking a uniform and 
homogenous volume of tissues. Because of the homogeneity 
and the energy of photon beam (1.25 MeV) in the present 
study, the there is no great differences between dosimetric 
parameters after correction for electron density variations. 
However, still the major impact of CT scan in abdomino-
pelvic region is on the geometry, organ localization and 
selection of irradiation technique [20-24].     

The simplest patient representations used in RTP systems 
were one or a few contour lines outlining the skin. These 
could be acquired in a number of ways, from solder wire 
surface contours to contours acquired from CT. The 
contours, entered or digitized into the planning system, 
represented the skin outline in two or three dimensions. 
Such procedures resulted in the patient being represented as 
a homogeneous composition (usually water) but do allow 
surface corrections to be applied. Patient heterogeneities 
could be represented in simple ways such as using closed 
contours like the surface representation. Each 
inhomogeneity had to be outlined individually, with a 
density assigned. This could usually be done semi-
automatically on CT images for tissue such as lung or bone 
or for air cavities, where the contrast between tissues was 
sufficiently high. The electron density to assign to the 
region could be inferred from the CT number [25]. The 
problem with this approach was that tissues such as lung 
and bone are not themselves homogeneous; there is a 
variation by approximately 50% for both bone and lung 
density. The lung density varies because blood pools from 
hydrostatic pressure differences. 

V. CONCLUSION 

Use of CT shows two benefits in advanced radiotherapy 
treatment planning procedures: 1. accurate tumor and organ 
at risk localizations in two dimensional and three 
dimensional manners, and 2. potential use of CT quantities 
for corrections including tissue inhomogeneity, beam 
modifiers as well as dose distribution evaluation. The role 
and amount of density correction based on CT data in some 
treatment fields is un-neglectable.    

Application of CT data to treatment planning can be 
more effective for some parts of the body than others. 
Although, providing CT scan facilities may be a serious 
financial problem for radiotherapy departments, but its role 
in dosimetric correction regarding increase in tumor control 

probability along with decrease in normal tissue 
complication probabilities may compensate the overall 
health system expenses.  
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Abstract—This paper presents an implantable in-vivo do-
simetric probe using a small-volume GaN bulk as scintillator. 
The high light yield of GaN under irradiation in radiotherapy 
conditions is observed. Heavily-doped n-type GaN is chosen 
because of enhanced and dominant UV emission. The fabrica-
tion process of the probe is described. It is tested using 6 and 
18MV photon beams. Measured results show reproducibility 
errors of less than 2% for a delivered dose of 50cGy. The line-
arity of the measure and its independence of the dose rate are 
also verified. The probe’s output light has both GaN and fiber 
contributions. The fiber contribution may vary with the beam 
incidence angle (due to dominant Cerenkov effect), while the 
GaN does not have such dependence.   

Keywords—in vivo dosimetry, GaN radioluminescence, fiber 
optic probe, radiotherapy. 

I. INTRODUCTION  

The current trend in external beam radiotherapy is to im-
plement more sophisticated treatment techniques such as 3D 
conformational therapy. Such implementation also requires 
qualified treatment means based on cautious quality insur-
ance procedures. However, erroneous parameters could be 
difficult to detect and systematical errors could happen 
leading to radiotherapy accidents. In this context implant-
able in vivo dosimetry has a critical role of final control of 
the delivered dose. 

For in vivo dosimetry in radiotherapy, most existing 
technologies are based either on thermally or optically 
stimulated radioluminescence methods and scintillating 
materials (OSL, TLD) [1,2], or on the use of semiconductor 
devices (MOSFET, diodes ...) operated with the radio-
electric principle [3,4]. 

OSL and TLD dosimeters need thermal or optical stimu-
lation schemes to release the trapped charges. Such stimula-
tion processes increase the complexity of instrumentation 
and do not allow real-time reading of the dose.  

Dosimeters based on semiconductor devices (diode or 
MOSFET transistors) have also disadvantages, such as 
directional effect, and requirement of electrical connections 
for real-time measurements. 

We present in this paper a new implantable dosimetric 
probe, which can be connected to a photodetection system 
via an optical fiber, and can perform real-time dose moni-
toring. Our presentation includes: key material of the probe 
and its fabrication, and tests results with discussions. 

II.  MATERIAL AND DEVICE FABRICATION  

A.   GaN Scintillator 

Our proposed domimetric probe is made of a small-
volume GaN bulk as scintillator. Under irradiation, the GaN 
crystal produces electron–hole pairs in GaN, which pre-
dominantly recombine through band edge radiative transi-
tions to emit UV light. Fig. 1 compares two pictures of a 
GaN crystal bulk before and under 6-MV photon-beam 
irradiation from a radiotherapy linear accelerator (Elekta 
SLi). The obtained images taken with a CCD camera show 
that GaN is highly radioluminescent. 

 
 

      
a)                    b) 

Fig. 1 Pictures of GaN bulk taken with a CCD camera: a) before and 
b) under irradiation 

GaN has a light yield of ~105 photons/MeV, significantly 
higher than scintillating fibers (~8x103 photons/MeV for a 
BCF-12 scintillating fiber from Saint Gobain Crystals) and 
many conventional scintillating crystals.    

Nevertheless, GaN radioluminescence emission can be 
affected by self absorption within the material. This is why 
highly doped GaN bulk material is preferred for this do-
simetric application:  heavy doping shortens radiative re-
combination time of minority carriers and increases the 
absorption interband mean free path [5]. We have used  
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Si-doped n-type GaN wafers provided by LUMILOG 1 , 
France. They are strain-free bulk GaN grown by hydride-
vapor-phase-epitaxy (HVPE), with a shallow donor concen-
tration of 1.5x1019cm-3. Photoluminescence characterization 
at room temperature of this material shows strong lumines-
cence emission at 3.40 eV (~365 nm) corresponding to band 
edge radiative recombinations (see Fig. 2).  

In the radiotherapy energy range, Compton effect is the 
predominant mode of interaction between the beam and the 
GaN. For x-rays, the mean mass-energy absorption coeffi-
cient is an important physical characteristic to consider for 
dosimetric applications (Fig. 3). GaN is not tissue equiva-
lent, nevertheless for conventional 6MV and 18MV radio-
therapy photon beams it has a dosimetric response close to 
that of soft tissues.  

 
Fig. 2 PL characterization of  GaN luminescence at room temperature 
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Fig. 3 Mass Energy Absorption Coefficient (NIST data) 

                                                           
1 http://www.lumilog.com 

GaN material is robust against irradiation and has been 
considered to implement detectors for harsh radiation envi-
ronments [6]. We have applied an industrial gamma sterili-
zation process (30 kGy dose from a Co60 source) on a GaN 
bulk substrate and performed low temperature (25 K) photo-
luminescence (PL) characterization of sterilized and non 
sterilized substrates. No PL spectral changes have been 
observed for the sterilized substrate. 

B.   Implantable Dosimetric Probe 

The dosimetric probe is made of a small-volume of  GaN 
bulk (less than 0.01mm3) encapsulated at the distal end of 
the coupled fiber.  

For the coupled optical fiber, we chose a step-index Hard 
Clad Silica Fiber, HCPM0365T from SEDI Fibres, France. 
It has a 365μm-diameter fused silica core, a 15μm-thick 
polymerhard cladding, and a 730μm-external-diameter 
TEFZEL. It has a large numerical aperture (= 0.37) for 
collecting more efficiently the GaN RL output, and the 
TEFZEL buffer is biocompatible.  

The cavity of the fiber was realized through a four-step 
process: 

- a tip is formed within the polymer cladding of the 
fiber by an hydrofluidic acid etching of its fused si-
lica core ; 

-  the formed tip is then mechanically cleaved with a 
capillary to obtain a cavity ; 

- a polished silica rod with some diamond paste is 
introduced in the cavity to polish the cleaved core 
surface ; 

- the fiber is cleaned in an ultrasound bath and dried. 

Small-volume GaN bulks were obtained by dicing a  
GaN wafer with a precision diamond wire saw (Well Dia-
mond Wire Saws, Inc., USA). The obtained GaN bulks 
had a square section of about 270μm x 270μm and a length 
equal to the wafer thickness (ranging from 300μm to 
1400μm).  

The encapsulation process mainly consisted in introduc-
ing the GaN bulk in the fiber’s cavity, and sealing it with 
polymer material. 

This encapsulation configuration preserves the continuity 
of the optical clad and the TEFZEL buffer (ETFE) for opti-
mal optical and mechanical performances.  

A schematic view and a photo of the the fabricated 
probes are presented on Fig. 4a and b. 
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(a) 

 

 
(b) 

Fig. 4 a) Schematic view of the distal end of the probe; b) photo of fabri-
cated probes 

III. PROBE TESTING 

Fig. 5 shows the experimental set-up for testing the do-
simetric probe. A photodetection module for this purpose 
was designed. It basically consisted of a 385nm/10nm inter-
ferential band-pass filter and a photomultiplier tube (PMT) 
H6780-20 from Hamamatsu with a transimpedance ampli-
fier. The band-pass filter served to select near-band-edge 
RL emission of the GaN signal, so as to minimize wide-
band background contributions. The amplifier’s output was 
connected to a PC via an acquisition board (Ch-3160, Ac-
quitek) for data recording, monitoring and processing. The 
dosimetric probe under test was connected via a fiber cable 
to the photodetection module.  

The distal end of the probe was placed into a tissue 
equivalent material (PMMA) at depths of 1.5cm and 3cm 
respectively for 6MV and 18 MV photon beams. 

The dosimetric probe was tested with radiotherapy pho-
ton beams from a Varian 600 CD linear accelerator.  

A.   Reproducibility 

This test consisted of a constant dose of 1.5 Gy delivered 
fifty times with a dose rate of 300 MU / min (30s of irradia-
tion). The photodetected signal for the fifty runs was repro-
ducible and remained within an interval of + / - 1.5%. 

 
Fig. 5 Experimental set-up for testing the GaN dosimetric probe 

B.   Linearity 

The linear response of the probe was tested with a 6MV 
photon beam. Both the probe under test and an ionization 
chamber (as reference) were placed side-by-side between 
plates of PMMA at 1.5cm deep, and around the center of a 
field of 10x10 cm2. The obtained results from the probe and 
the ionization chamber are plotted in Fig. 6, which shows a 
good agreement and an excellent linearity for doses between 
0 and 18 Gy.  
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Fig. 6 Linearity of the probe compared with an ionization chamber 

C.   Dose Rate Dependence 

Dose rate dependence of the probe was verified from 
2Gy/min to 6Gy/min. Successively we delivered within one 
minute a dose of 1 Gy with dose rate of 1Gy/min and 2Gy 
with a dose rate of 2Gy/min, ..., up to 6 Gy at a dose rate of 
6 Gy/min. Fig. 7 shows the obtained results, exhibiting a 
perfect linearity as a function of dose rate. 
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Fig. 7 Dose rate dependence of the probe 

D.   GaN/Fiber Contributions  

It should be noted that the probe under test has a segment 
of the coupled fiber in the radiation field. Therefore the 
probe’s output light has both GaN and fiber contributions. 
The fiber contribution consists of Cerenkov radiation, and 
fluorescence or luminescence emission [7]. 

To estimate GaN and fiber contributions, we applied se-
ries of measurements with different field sizes. Increasing 
the field size means to increase the irradiated length of the 
fiber, or its irradiated volume. Fig. 8 confirms that the fiber 
contribution increases with the fiber irradiated volume.  The 
increase of fiber contribution with higher radiation energy 
may be accounted for by the Cerenkov effect, which has a 
strong energy dependence. From the measured results, it can 
be estimated that GaN contribution per volume is, respec-
tively, 186 times that of the fiber for 6 MV photons, and 89 
times that of the fiber for 18MV photons. 

 
Fig. 8 Probe’s output as a function of field size, for 6MV and 18MV 
photon beams 

E.   Angular Dependence  

For testing angular dependence of the probe, it was 
placed at the isocentre of the field under a constant depth of 
1,5cm of PMMA plates for each incidence beam angle. Fig. 
9 shows measured results using a 18MV photon beam. It 
can be seen that increasing the incident beam angle in-
creases the slope of the corresponding curve. This means 
the increase of fiber contribution, and may be due to domi-
nant Cerenkov effect. At the same time, we can note that 
these curves cross with the Y-axe at the same point, which 
means that the GaN contribution is angle-independent.   

IV. CONCLUSIONS  

We have presented an implantable dosimetric probe us-
ing GaN as scintillator. Its fabrication process used in our 
preliminary studies has also been described. Testing of the 
probe using photon beams has shown that it has a linear and 
reproducible response (< 2% error), and does not have a 
dose rate dependence. The probe’s output light has both 
GaN and fiber contributions. The fiber contribution may 
vary with incident beam angle, while the GaN contribution 
is angle-independent. The probe is able to easily resist to 
gamma ray sterilization process as used for disposable ma-
terial in medicine.   

 
Fig. 9 Probe’s output as a function of field size, for a 18MV photon beam, 
with different incident angle 
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Pre-clinical experiments in the deep-seated tumor heavy-ion therapy terminal at 
HIRFL-CSR 

Q. Li1, Z-Y. Dai1, X-G. Liu1, Q-F. Wu1, X-D. Jin1, P. Li1 and J-J. Tao1 

1 Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China 

Abstract— A heavy-ion therapy terminal dedicated to deep-
seated tumor treatment has been constructed at the Heavy Ion 
Research Facility in Lanzhou – Cooling Storage Ring (HIRFL-
CSR). Pre-clinical experiments such as beam test, irradiation 
field shaping and cell radiobiological assay have been carried 
out in the therapy terminal using carbon ions with energies in 
the range of 150 to 200MeV/u. These tests prove that the deep-
seated tumor therapy terminal can provide basic conditions 
suitable for conducting clinical trial of heavy ion therapy. First 
deep-seated tumor patient treatments with carbon ions are 
expected to get started in the therapy terminal at HIRFL-CSR 
in the near future. 

Keywords— heavy ion cancer therapy, HIRFL-CSR, therapy 
terminal, irradiation field, cell survival fraction. 

I. INTRODUCTION 

In the past decade heavy ion beam has attracted growing 
interest in radiation therapy. This could be attributed to the 
excellent characteristics of heavy ion beam in physical and 
biological selectivities such as dose localization in the 
Bragg peak and high relative biological effectiveness (RBE) 
over the peak. Based on the accelerators available, the Insti-
tute of Modern Physics (IMP), Chinese Academy of Sci-
ences plans to realize heavy-ion cancer therapy in a manner 
of two steps, that is the treatment for superficially-placed 
tumors with intermediate energy ( 100MeV/u) carbon ions 
at the Heavy Ion Research Facility in Lanzhou (HIRFL) at 
first and then for deep-seated tumors with high-energy car-
bon ions at the synchrotron of Cooling Storage Ring (CSR, 
the HIRFL cyclotron is the injector of the CSR synchrotron). 
In fact, basic research related to heavy-ion cancer therapy 
has been done at IMP since 1995 and fruitful achievements 
have been obtained in terms of radiation physics, radiobiol-
ogy and therapeutic technique [1]. For the first step, a ther-
apy terminal was built underground the experimental hall of 
the HIRFL complex, where a vertical beam line with pas-
sive beam delivery system is equipped [2]. Superficially 
placed tumor treatment with intermediate energy carbon 
ions has been conducted in the earlier therapy terminal at 
HIRFL since November 2006. Up to now, 82 patients with 
shallow-seated tumors have been irradiated successfully and 

lots of therapeutic and clinical experiences have been ac-
quired at IMP. 

To extend the heavy-ion therapy project to deep-seated 
tumor treatment at IMP, another therapy terminal dedicated 
to deep-seated tumor treatment with high energy heavy ions 
has been built at HIRFL-CSR. Recently therapeutic high-
energy carbon ion beams extracted from the HIRFL-CSR 
complex through slow extraction techniques have been 
supplied in the deep-seated tumor therapy terminal. To 
validate the devices installed in the therapy terminal at 
HIRFL-CSR and realize deep-seated tumor treatment as 
soon as possible, therapeutic beam tests and pre-clinical 
experiments have conducted. In this paper, the beam deliv-
ery system in the deep-seated tumor therapy terminal at 
HIRFL-CSR is described briefly and the first pre-clinical 
experiments are reported. 

II. PRE-CLINICAL EXPERIMENTS 

A. Beam delivery system 

Shown in Fig.1 is the horizontal beam line in the therapy 
terminal at HIRFL-CSR. A beam magnetic scanning system, 
which can be operated in two patterns of continuous zigzag 
[2] and hybrid raster [3] scanning, has been installed in the 
therapy beam line. Therefore, passive beam shaping using 
multi-leaf collimator and range shifter and active beam 
delivery with raster scanning and energy variation by the 
CSR itself can be realized in the therapy terminal. In addi-
tion, a mini ridge filter like the ripple filter used at GSI [4] 
was installed downstream the range shifter in order to 
spread out the Bragg peak of a mono-energetic beam 
slightly in a manner of Gaussian profile. 

B. Depth-dose distribution measurement 

Scanning the depth with a Markus ionization chamber 
driven by a stepping motor in a water tank was adopted to 
measure the depth-dose distributions of carbon ion beams 
with energies in the range of 150-200MeV/u. Fig.2 displays 
the measured Bragg curves of the carbon ion beams with 
five different energies. Energy variation by the CSR itself 
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was verified through the depth-dose distribution measure-
ment of various energy beams. 

 

Fig. 1 The horizontal beam line in the therapy terminal at HIRFL-CSR 
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Fig. 2 Measured Bragg curves of the carbon ion beams with five various 
energies in the range of 150-200MeV/u 

C. Uniform irradiation field 

Uniform irradiation fields were shaped using the scan-
ning magnets operated in the zigzag scanning pattern. The 
uniformity of the irradiation fields was verified to be better 
than 93% in the expected area, which meets the requirement 
of clinical trial with heavy ions. Shown in Fig.3 is an irra-
diation field measured with a X-ray film. In the central 
4cm 4cm region, the uniformity of the irradiation field was 
up to 95%. 
 

 
Fig. 3 An irradiation field of the therapeutic carbon ion beam shaped by 

the scanning system 

D. Depth-survival effect along beam penetration 

Human hepatoma HepG2 cell survival fractions along the 
penetration of 150MeV/u carbon ion beam modulated by a 
mini ridge filter were measured with the standard colony 
formation assay. The mini ridge filter modulated Bragg 
curve of the carbon ion beam and the cell survival fractions 
in depth when the dose at the peak position was 2Gy are 
illustrated in Fig.4. Clearly, the depth survival effect in-
versely corresponded to the depth dose distribution of the 
modulated beam. 
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Fig. 4 The depth-survival effect and measured Bragg curve of a 150MeV/u 
carbon ion beam modulated by a mini ridge filter 

III. CONCLUSIONS 

In sum the pre-clinical experiments prove that the deep-
seated tumor therapy terminal can provide basic conditions 
suitable for performing clinical trial of heavy ion therapy, 
and some basic radiobiological data concerning heavy-ion 
cancer therapy have been acquired. First deep-seated tumor 
patient treatments with heavy ions are expected to get 
started in the therapy terminal at HIRFL-CSR in the near 
future. 
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Abstract – An analytical integration of Bethe-Bloch equation 

is applied to provide the residual energy E(z), the stopping 
power S(z) = dE/dz and the evaluation of the multiple scatter 
theory of Molière. The influence of multiple scatter of collima-
tors is considered as a second proton source. 
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I. INTRODUCTION  

The Bethe-Bloch equation (BBE) is the most relevant tool 
for the description of stopping power of mono-energetic 
protons: 
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Details of all parameters in eq. (1) are given in [1 - 3]. The 
factor K is ~ Z·ρ/A; for composite systems (molecules), the 
Bragg rule is used. The average ionization energy EI is a 
severe problem and is often used as a fitting parameter in 
complex systems to avoid other corrections.  Eq. (1) can be 
integrated by the following substitutions:  v2 = 2E/M; β = 
4me/MEI; exp(-u/2) = βE. These substitutions also hold in 
presence of the relativistic term aBloch, if v2 is defined as 
above. We have to integrate the expression (the parameters 
λi and γi depend on aBloch, ashell, a0 and aBarkas):  
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If in the denominator of Eq. (2) the terms containing γi are 
omitted (restriction to the logarithmic term), the resulting 
integration gives the exponential integral function Ei(u) 
with a singularity at Ecritical = 1/β ≈ 37 keV and EI = 75.1eV 
(water), which results from the Born approximation used by 
Bethe; the terms ashell and aBarkas remove this singularity [2]. 
Eq. (2) cannot be solved exactly. By the substitutions A = u 
+ terms with λi < 0 and B = terms with λi > 0 and the Feyn-
man rule for integral expansions [A+B]-1 = B-1 – B-2A + B-

3A2 + (-1) nAnB-n-1 all integrals can be evaluated. The result 
is a power expansion of RCSDA in terms of E0: 
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For therapeutic protons with E0 ≤  300 MeV we can break 
the expansion at M = 4. The parameters αi are always ~ 
A/(Z·ρ); for water (EI  = 75.1 eV, Z = 10, A = 18) we obtain: 
α1 = 0.00694656, α2 = 0.000813216, α3 = -0.00000121068, 
α4 = 0.000000001063. A further possible solution expansion 
of Eq. (2) reads (bk: dimensionless, gk: MeV-1): 
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If M = 2 and water the parameters of Eq. (4) are: b1 = 
15.14450027, b2 = 29.84499976, g1 = 0.001260021, g2 = 
0.003260031. Eq. (4) can be inverted: 
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The latter formula may be regarded as a transform of BBE 
to the energy representation and a function of z. If M = 5 
and water the parameters are: c1 = 96.63872, c2 = 25.0472, 
c3 = 8.80745, c4 = 4.19001, c5 = 9.2732, β1 = 0.0975, β2 = 
1.24999, β3 = 5.7001, β4 = 10.6501, β5 = 106.72784. The 
dimensions are ck: MeV/cm and βk: cm-1. In [2] detailed 
information referring to Eqs. (3 – 6) can be found; in partic-
ular, the dependence on A, Z and ρ is important for the 
calculation of the passage of proton beams through brass 
(collimator).  
 

II. MEASUREMENTS, METHODS AND RESULTS  
Measurements at the Harvard cyclotron (158 MeV) have 
been performed by B. Schaffner; at NCC (IBA-machine, 
Seoul) by S.B. Lee. Results of GEANT4 have been used to 
compare with analytical calculation procedures. Based on 
the extended nuclear shell theory (exchange interactions by 
isospin, spin-spin, and spin-orbit couplings between nucle-
ons, Coulomb repulsion) we have calculated [3] the transi-
tion probabilities induced by a projectile proton in some 
nuclei (C, O, Ca, Cu and Zn (forming brass)). The resulting 
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total nuclear cross-sections for O and brass are given in 
Figs. 1 and 2. The calculated results agree very well with 
recent data Chadwick [2]. Since the default cross-sections in 
GEANT4 are partially poor, we have implemented the cal-
culated cross-sections in the code.   

 

 
 
Fig. 1 Total nuclear cross-section of oxygen [2] 
 

 
 
Fig. 2 Total nuclear cross-sections of C, O, Ca, Cu, and Zn [3] 
 

A. Proton passage without scatter in collimators   
   Using the relations for RCSDA, convolutions and the cross-
section for oxygen, we obtain the decrease of primary pro-
tons (see Fig. 3). The influence of the beam line leads to 
polychromatic protons, which can be represented by the 
formulas:  
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Fluence of secondary protons (sp)  
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ETh is the threshold energy valid for O and for E0 < ETh the 
fluence is constant up to RCSDA. The parameters τ/τsp are 
rms-values of polychromatic protons and prevent a jump of 
the fluence at z = RCSDA; υ is closely related to the beam line 
and expresses the loss protons via nozzle/collimator. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Decrease of fluence of primary protons as a function of E0 
 
   By the inclusion of lateral scatter kernels K, which are 
based on Molière’s multiple scatter theory, we are able to 
calculate 3D proton dose distributions by superposition of 
the proton beamlets [3]:  
 

)8())(,())(( zdrKzdSDbeamlet ⋅=  

S is the proton stopping power of primary/secondary pro-
tons and d(z) the water-equivalent distance up to position z. 
The concept of dose calculation has been published [3], it is 
given by: 
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The evaluation of Eq. (9) is a standard task of every plan-
ning system.  
 

B. Collimator scatter of protons as a second source 
   Since the scatter contributions of collimators represent 

second order effects, we only deal scatter on the basis of the 
Highland approximation. The calculation of the influence of 
collimator scatter requires the knowledge of thickness, 
length and material of collimator, the distance d to the cen-
tral ray and physical parameters (E(z), RCSDA, radiation 
length LR and angular distribution of the proton beam in-
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duced by the nozzle). Based on these parameters, calcula-
tions with the GEANT4 and analytical approximations 
according to the boundary conditions for the energy spec-
trum, shifts (zshift) and angular distributions have been car-
ried out. The angular distribution for protons with energy E 
is a Gaussian:  
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Fig. 4 Example of a collimator configuration 

 
The integration of Eq. (10) for one area of a collimator wall 
Aw with respect to the proton fluence Φ leads to the evalua-
tion of a complicated integral: 
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The corresponding expansion yields the total contribution of 
scatter protons for one collimator wall Aw with distance d 
from central ray. For a quadratic configuration one has to 
evaluate Eq. (12) for 4 walls with different orientations. In 
all measurements we have assumed a wall length of 3.8 cm. 
The ratio of brass is assumed to be Cu:Sn = 6:4 according to 
the cross-section in Fig. 2, but small deviations are not im-
portant. Fig. 4 shows the schematic representation of colli-
mator scatter with small distances between the walls. With 
regard to the evaluation of the above integrations (11 – 12) 
we follow methods elaborated in [4].The divergent rays 
passing through air and/or brass are characterized by the 
increase Δσ of scatter functions σmedium according to grid 
size Δz. Since we have to deal with 2 different media, each 
ray at position z can be subjected to 4 different scatter in-
crements Δσx-, Δσx+, Δσy-, Δσy+. The path-length correction 

Δz at z yields the change of the energy of the scattered ray. 
Only for symmetrical cases (Fig: 5) we are able to state 
analytical solutions, otherwise numerical step-by-step calcu-
lations have to be performed.  

   A principal result is that for larger distances between 
the collimator walls (i.e. larger field sizes) we can observe 
‘horns’ in the transverse profiles, whereas for small field 
sizes the depth dose profiles are rather peculiar.  The latter 
case is shown in Fig. 5, data from Hong et al. [5] recorded 
at the Harvard cyclotron with 158.6 MeV. The field sizes 
amounts to 0.48 x 0.48 cm2 and the air gap between colli-
mator edge and water tank to 1 cm. 

 

 

 

 

 

 
 
 
Fig 5 Depth dose curve of a proton beam with small air gap and field size 
(0.48 x 0.48 cm2); data: Hong et al [5] 
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Fig. 6 Collimator scatter - results of GEANT4 (d = 3.8 cm) 
 

With the help of GEANT4 we have evaluated the influ-
ence of collimator scatter in dependence of the energy (in 
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steps of 25 MeV) and the decrease from the edges to the 
central ray (distance between edge and central ray: 2 cm, 
length of the brass collimator: 3.8 cm). The results (Fig. 6) 
can easily be translated to Fig. 7 and Fig. 8 by suitable in-
terpolations.  Thus are able to verify that the results pro-
vided by GEANT4 as well as the analytical calculations are 
in good agreement with measurement data.  The presented 
integration procedures of BBE provide a good starting point 
for dose calculations with collimator scatter, because 
GEANT4 may only be used for study of model cases. 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Fig. 7 Profile of a 4x4 cm2 field at surface (air gap: 1.25 cm) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8 Profile of a 4x4 cm2 field (air gap: 51.25 cm) 
 
 
 
 
 
 
 
 

 
 
Fig. 9 Calculation/measurement of 229 MeV protons (NCC) 
 
   The above figure shows a pristine Bragg peak (broad 
beam, field size: 5 x 5 cm2), recorded by an IBA-machine. 
The influence of the collimator scatter in the buildup region 
may clearly be verified, since the scatter protons cross the 
central ray some centimeters behind the surface of the water 
tank.  
 

III.  CONCLUSIONS  
Since the evaluation of elastic and inelastic scatter (nuc-

lear reactions) also requires the knowledge of the energy as 
a function of depth z, i.e. E = E(z, RCSDA), the problem of 
collimator scatter can best be handled either with GEANT4 
or by analytical methods. Both calculation methods work in 
satisfactory manner. The analytical procedure also provides 
an angular distribution in dependence of the initial energy, 
collimator area Aw, and other parameters.  
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Determination of nuclear cross sections of proton beams by the collective model and 
extended nuclear-shell theory 

W. Ulmer1,2 and E. Matsinos1 

 1Varian Medical Systems Inc., Baden, Switzerland; 2Max-Planck-Institute of Biophysical Chemistry, Göttingen, Germany 

Abstract — An analysis of total nuclear cross sections of var-
ious nuclei is presented, which yields detailed knowledge on 
the different physical processes such as potential/resonance 
scatter and nuclear reactions. The physical base for poten-
tial/resonance scatter and the threshold energy resulting from 
Coulomb repulsion of nuclei are collective/oscillator models. 
The part pertaining to the nuclear reactions can only be de-
termined by the microscopic theory (Schrödinger equation and 
strong interactions).  The physical impact is the fluence de-
crease of proton beams in different media and the scatter 
behavior of secondary particles. 

Keywords — Nuclear cross sections of protons, collective model 
of nuclei, extended nuclear shell theory, nonli-
near/nonlocal Schrödinger equation. 

I. INTRODUCTION  

   The accurate knowledge of the total nuclear cross section 
Q resulting from proton – nuclei interactions is a decisive 
feature of proton-therapy planning with advanced calcula-
tion models and Monte-Carlo simulations. Nuclear cross 
sections determine the fluence decrease of primary protons, 
different ranges and scatter angles of secondary particles 
(mainly protons), collimator scatter and passage of protons 
through bones, implants, etc., and the creation of heavy 
recoils, which usually undergo β+ decay and emission of γ 
quanta. Since water is the usual reference medium for the 
measurement/calculation of Bragg curves, we consider, at 
first, the behavior of Q for oxygen. 
 

 
   
Fig. 1 Total nuclear cross section Q of oxygen [2 - 3] 

Fig.1 shows that, for protons, a threshold energy ETh = 7 
MeV exists to surmount the Coulomb repulsion of oxygen. 
At E = 20.12 MeV, Q exhibits a resonance maximum and a 
Gaussian shape in the environment. For E > 50 MeV, Q 
decreases exponentially; at E ≈ 120 MeV, the asymptotic 
behavior is reached.  
   Using a method of Segrè [1], the fluence decrease (‘pri-
mary protons’) can be calculated [2 - 3]: 
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   The creation of secondary protons (sp) obeys the formula: 
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τ and τsp of Eqs. (1-2) refer to different kinds of ener-
gy/range straggling for primary/secondary protons [2].     
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Fig. 2 Decrease of protons in water according to Fig. 1 
 
    One aspect of this communication is to determine some 
features of Q in terms of Z (nuclear-charge number), A 
(nuclear-mass unit) and RStrong (RStrong = 1.2·10-13·A1/3 cm).  
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II. METHODS 

   Measurement data of Qs for various nuclei have been 
made available by the Scientific Los Alamos Library; we 
refer to these measurements as the Los Alamos data (LAD). 
An analysis of part of these data has been published by 
Chadwick et al. (see [2 - 3]). 

A. Threshold energy ETh 

The threshold energy ETh sets the effective Coulomb repul-
sion energy between proton and nucleus Z. Since the nucle-
ons are not localized at one point in space, the effective 
interaction charge has to be determined. An analysis of the 
LAD suggests the following connection for nuclei with Z ≤ 
40: 
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Formula (3) is only applicable, if 2·Z ≈ A, i.e. proton num-
ber ≈ neutron number. Nuclei with Z < 6 are corrected by 
Eq. (6), since they do not satisfy rotation invariance. Eq. (3) 
is founded theoretically and is improved by the harmonic-
oscillator model [2 – 6]. At r = RStrong and for isoscalar nuc-
lei with A = 2·Z, the 3D harmonic-oscillator model of nuc-
lear-shell theory assumes the shape: 
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The first term on the right-hand side is the Coulomb repul-
sion for an incoming proton; the second term relates to the 
mutual Coulomb repulsion of Z protons in the nucleus. U0 is 
the depth of the potential and is put equal to A·EB·RStrong

2; 
CZ is a proportionality factor and EB the binding energy per 
nucleon (EB = 8 MeV, if A ≥ 12 and EB < 8 MeV, if A < 
12). We are able to rescale ω0 such that U0 vanishes. We put 
A = 2·Z and multiply both sides with (2·Z)1/3: 
  )5(3/21);22.1/(10 3132

0 +=⋅⋅= κeC Z
                           

A least-squares fit of all available LAD yielded κ = 1.659 
instead of 1 +2/3. This might be due to some crude assump-
tions: we have assumed that MProton = MNeutron and neglected 
the spin-orbit coupling. If the neutron number is slightly 
higher than Z (A = 2·Z + εN), then CZ contains a correction 
term (the spherical symmetry still holds): 
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B. Total nuclear cross section Q 

   

  With regard to the determination of Q, we have borrowed 
elements from the collective model of nuclei. First of all, we 
have to know Qmax required for the calculation of other 
quantities (Fig.1: Qmax amounts to 541 mb and Eres = 20.12 
MeV). We start with an ‘Ansatz’ (explanations will follow): 
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     Due to RStrong ~ A1/3, we obtain the following properties: 
Term a: Connection of Qmax to the volume of the nucleus. It 
is important in the resonance domain. 
Term b: Proportional to the area of the geometric cross 
section: Potential scatter (major part), rotations by Coulomb 
repulsion/strong-interaction attraction (elastic) and nuclear 
reactions by changing the spin multiplicity (inelastic). 
Term c: Proportional to RStrong. Excitations via spin-orbit 
coupling, change of the angular momentum of the nucleus, 
inelastic resonance effects and elastic spin-spin scatter. 
Term d: Excitations of nuclear vibrations by Coulomb re-
pulsion (resonance effect, inelastic) and elastic scatter.  
   The asymptotic behavior Qas of Q is given by the relation: 
    

   )9()2033.85(3/2 mbCACQ asasas =⋅=  

This connection mainly contains the term b above. We have 
verified its validity up to Z = 40.  
   According to results of extended nuclear-shell theory and 
LAD, Eres is determined by: 
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The shape of Q for media other than oxygen (Fig. 1) is more 
or less identical, and it can be stated by the formulas:  
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The parameters of Eq. (10) are given by: 
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Ic is determined by the continuity condition (i.e. for E = Ec 
we have Q = Qc = Qmax·Ic), also applied to the first deriva-
tive at this position. 
 

C. Results of the extended nuclear shell theory 
The starting point is the Schrödinger equation of the 3D 
harmonic oscillator: 
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Since we mainly consider harmonic-oscillator eigenfunc-
tions, we only deal with the configuration-space representa-
tion, i.e.: 

)13(

),.,1,0,,()2/3(

;/

)()()(

0,,

2
2

2
2

2
1

2
0

2/
321,,

2

⎪
⎪
⎭

⎪⎪
⎬

⎫

∞=+++⋅=
++=⋅=

⋅⋅⋅⋅= −

lkjlkjE

Mq

eHHHN

lkj

kk

lkjlkj

ω
ρρρρωρ

ρρρψ ρ

h

h

These eigenfunctions can be connected to the spherical 
harmonics (angular momentum) as well as the SU3 classifi-
cation [4 - 7]. The above model is the physical base for 
various nuclear models. Thus, it can be used to describe 
rotations, vibrations, and excitations (with change of spin 
multiplicity) of nuclei. The oscillator potential, however, 
would imply always stable nuclei and nuclear reactions with 
a change of the isospin multiplicity could not occur. Even 
by extending Eq. (13) to a many-particle equation and to a 
Slater determinant (Hartree-Fock), the problem of nuclear 
reactions cannot be solved. Figure 3 shows this problem in 
the case of oxygen, where the abscissa is expressed in units 
of r = RStrong. The whole potential V can be expressed by 
two different Gaussians: 
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V0 = -27.76 MeV, V1 = 7.759 MeV, σ1 = 3.374. Only for r = 
rc ≤ 0.4582, is a harmonic-oscillator approach useful (Taylor 
expansion of Eq. (14)). For 0.4682 < r < 1, strong interac-
tions are present with decreasing tendency, whereas Cou-
lomb repulsion increases (if r ≥ 1, strong interactions are 
negligible). According to Feynman [6], strong interactions 
can be described by a Gaussian potential rather than a Yu-
kawa potential, which leads to singularities at r → 0. Thus, 
the 3D oscillator concept is only partially adequate for the 
treatment of many-particle systems (these are nonlinear 
interacting systems) in nuclear physics. Therefore, we con-
sider now the nonlinear/nonlocal Schrödinger equation with 
Gaussian two-point kernel and spin/isospin: 
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Fig.3 Effective potential of the oxygen nucleus  
 
Ψ is a four-component function with spin and isospin; φ 
obeys the following equation [2, 7]: 
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By taking lim ε→0, we transform Eq. (15) to a local cubic 
Schrödinger equation. A low-order approach of Eqs. (15 – 
16) provides the Yukawa potential. Spin-orbit coupling is 
introduced by the additional term: 
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Solutions of Eqs. (15 – 17) are obtained by the generating 
functions of Gaussian kernels. We summarize: Without 
spin-orbit coupling, SU3 symmetry holds. The energy levels 
are, however, not equidistant due to the nonlinearity. Ap-
proximately, they can be described by oscillator functions 
and additional terms, e.g. tensor forces introduced by Elliott 
[5]. In a final step, we generalize Eqs. (15 – 17) to a nonli-
near many-particle theory. The Hamiltonian H reads: 
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The coupling constant of the strong interaction is given by  
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With the coefficients ak, we distinguish π/K mesons: 
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The Hartree-Fock method yields the best one-particle solu-
tion of the closed shell case (one Slater determinant): 
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The one-particle functions φk1(1),…,φkN(N) contain all 
variables (configuration space of coordinates, spin, and 
isospin). The basis set of trial functions has been con-
structed for all nuclei starting with deuteron (Z=1, N=2 up 
to Z=30, N=65) and the energy minimum has been obtained 
by Ritz’s variation principle: 

)22(

13

))()((
22

0

⎪
⎭

⎪
⎬

⎫

+=

⋅+⋅=Φ −−

=
∑
AJ

erHBerHA r
jj

r
J

j
jj

βα βα
  

In order to obtain resonances and transitions between differ-
ent configurations (CI), we have to add all configurations of 
excited and virtually-excited states (determinants). In this 
way, we are able to compute the S matrix and, finally, the 
cross sections (see e.g. Feynman [6]). The S matrix can be 
calculated by: 
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The determination of cross sections is a straightforward 
task, if all determinants of excited and virtually-excited 
states have been considered.  

III. CONCLUSIONS  

A purpose of these aspects was the foundation of parame-
ters of the collective model and a comparison with LAD. A 
result is that a part of ‘secondary protons’ are primary pro-
tons, which have been scattered at the nuclear potential 
(elastic, if the nucleus remains unchanged or inelastic, if 
rotations, vibrations, or excited states are produced). The 
reaction protons, which release neutrons, additional protons, 
and other particles via clusters amount to 1 % (E0 ≈ 100 
MeV) and 6 % (E0≈ 250 MeV) of the cross section. With 
restrictions potential/resonance scatter can be described by 

the Breit-Wigner-Flügge formula [1]. The resonances play a 
decisive role with regard to Eres and the cross section in this 
environment. An impact is scatter of protons in media like 
bone, implants, and collimators (Fig. 5).  
 

Fig. 4 Total  nuclear cross section for some nuclei (C, O, Ca, Cu, Zn) 
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Fig. 5 Fluence decrease of Ca (dots) und Cu (solids) from Fig. 4 
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4D Monte Carlo Dose Calculations for Particle Therapy Combined with the Spring 
Network Model of Lung Motion 
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Abstract—To enable the evaluation of the impact of respi-
ratory motion on charged particle therapy and to realize 4D 
treatment planning while keeping CT exposure as low as 
possible, we are developing a Monte Carlo dose calculation 
system combined with a computational biomechanical model 
of lung motion. The human lung is CT scanned for a single 
phase of a respiratory motion. The CT images are trans-
formed into tetrahedral elements by automated segmentation. 
Then, the respiratory motion is simulated using a computa-
tional biomechanical model called the spring network model, 
and the calculated 3D shape of the lung for a given phase is 
transformed to a voxel data set. For each phase, assuming 
carbon-ion beam irradiation, biological dose distribution is 
calculated using the Monte Carlo particle and heavy ion 
transport code PHITS coupled with a microdosimetric kinetic 
model. The dose is mapped onto the reference data set to 
obtain the accumulated dose. The first version of the 4D dose 
calculation system we have developed so far can realistically 
reproduce the lung motion, successfully read the data set for 
each phase and calculate the accumulated dose. The number 
of the phases to be sampled  and their weights can be set arbi-
trarily, without need of additional CT scanning. Our first 
simulations for a 70 MeV/u carbon ion beam with a diameter 
of 2 cm indicate that the dose distribution can significantly 
change with phase and that many data sets may be needed to 
accurately evaluate the dose to the surrounding normal tissue. 
The impact of the system we developed is two-fold: in the 
short term, it can be used to investigate different issues of 4D 
treatment planning; our goal is an entirely simulation-based 
4D planning from a single CT scanning. The system is being 
developed further. 

Keywords—Charged particle therapy, Monte Carlo simula-
tion, 4D treatment planning, spring network model. 

I. INTRODUCTION  

The inclusion of organ motion in dose calculations for 
radio- and particle therapy treatment planning has been the 
subject of considerable research effort. A common approach 
is to convolve a dose distribution for time series CT data 
sets. However, this leads to an increased CT exposure. As 
an alternative approach to keep the patient’s exposure as 
low as possible, we are developing a 4D Monte Carlo dose 
calculation system in which the lung motion is numerically 

simulated with a computational biomechanical model. Our 
goal is to develop a system capable of 4D whole-body 
treatment planning on the entirely computational basis from 
a single CT scanning. Also, in the short term, such a system 
is useful for the investigation of different issues of 4D 
treatment planning, such as dose mapping (image registra-
tion), probability density function, and how many image 
data are needed.  

The system we are developing consists of two major 
modules, namely, lung motion simulation and dose calcula-
tion. For the former we use a computational biomechanical 
model called the spring network model, while for the latter 
we resort to Monte Carlo simulations coupled with a micro-
dosimetric kinetic model, which is also integrable with 
whole-body human voxel phantoms. 

II. METHOD AND MATERIALS 

A.   Spring Network Model of the Lung Motion 

The human lung was CT scanned, and the image was 
transformed into (typically ~13000) tetrahedral volume 
elements through automated segmentation (Fig. 1) [1], 
which are suitable for biomechanical simulations. Then the 
lung motion was simulated using the spring network model. 
In this model, the lung is mechanically represented as nodes 
connected by springs (solid lines in Fig. 1). The total spring 
energy is written as 

W = 1

2
k ri − r j − Lij( )2

i< j

∑ ,                      (1) 

where i and j denote node indexes, k the spring constant, ri 
the position of node i. The natural length Lij is assumed to 
correspond to the node separation for a lung volume of 2651 
cm3. The sum is over all the connected node pairs. The 
shape of the lung (configuration of the nodes {ri}) at a 
given phase of the breathing cycle is obtained through the 
minimum energy principle, i.e., minimization of W under 
the total volume constraint. The lung volume was varied 
between 3075 and 3490 cm3.  
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Fig. 1 Lung shape for the exhale (top) and inhale (bottom) states, simulated 
with the spring network model 

B.   Monte Carlo Biological Dose Calculation 

We calculate dose distribution using the Monte Carlo 
method. For simpler navigation, the calculated 3D shape of 
the lung for each phase was transformed to a data set with 
2.0 x 2.0 x 2.0 mm2 voxels. Data taken from International 
Commission on Radiation Units & Measurements (ICRU) 
report 46 were used for the composition of lung. The den-
sity is not uniform, but varies from tetrahedral element to 
element. To account for this, each voxel is first assigned the 
density of the element the voxel center belongs to. Then the 
voxels were grouped in ten density intervals at each phase. 

Dose distribution was calculated with the Monte Carlo 
particle and heavy ion transport code PHITS [2]. PHITS can 
deal with the transport of all kinds of hadrons and heavy 
ions with energies up to 100 GeV/nucleon. The code can 
also treat the production, transport and decay of photons, 
electrons, positrons, pions, muons, kaons and various reso-
nant states. One advantage of the code in the treatment 
planning for charged particle ion therapy is its capability of 
precise calculation of secondary particle spectra produced 
from nucleus-nucleus interactions, using a sophisticated 
nuclear-reaction model JQMD [3]. 

In the treatment planning of particle therapy, it is neces-
sary to estimate not only the physical dose but also the bio-
logical dose. We calculated the latter using the relative 
biological effectiveness obtained based on the microdo-
simetric kinetic model [4,5].  

The dose at each phase was remapped to a reference ge-
ometry (exhale) through trilinear interpolation to obtain the 
accumulated dose. One of the advantages of the present 
method is that the correspondence between the geometry at 
each phase and the reference is precisely known unlike in 
usual approaches using time series CT data. In the dose 
calculation, so far, we considered only the lung as a target. 

Apart from the coupling with the spring network model 
of lung motion, the Monte Carlo module was already inte-
grated with the human voxel phantoms constructed by  
Living Matter Simulation Research Team of RIKEN. An 
example of calculated whole-body dose distribution is dis-
played in Fig. 2. Such simulations will be useful to estimate 
the dose to the surrounding normal tissue and the risk of 
secondary cancer. 

 
Fig. 2 Whole-body physical dose distributions calculated with one of the 
RIKEN human voxel phantoms for the case of a 140 MeV/u carbon ion 
beam. (a) contribution of all kinds of particles, (b) ionization (c) neutrons. 
False color is in logarithmic scale 

III. RESULTS 

Figure 1 illustrates the results of the biomechanical lung 
motion simulation for the exhale and inhale states. In the 
present study, similar calculations were done for equally 
spaced 40 phases. In principle, there is no limit in the num-
ber of the phases sampled within the breathing cycle. The 
lung motion was realistically reproduced, though the verti-
cal motion might be slightly underestimated. 
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Fig. 3 Banded rainbow false color representation of the calculated biologi-
cal dose distribution on a horizontal slice for the exhale (top) and inhale 
(bottom) states 

The biological dose distribution at the exhale and inhale 
states for the case of a 70 MeV/u carbon ion beam with a 
diameter of 2 cm is displayed in Fig. 3. The incident energy 
is lower than that usually used in carbon therapy, since only 
the lung was considered as a target at the current stage of 
the development. This figure clearly indicates that the dose 
distribution can be much affected by the lung motion.  

Figure 4 shows the comparison of the accumulated dose 
distribution calculated with different numbers of phases 
sampled with equal weight. As another index, we list the 
calculated biological dose in the voxel of the highest dose in 
Table 1. While the dose in the Bragg peak region and the 

maximum dose are converged with ten (or even four) 
phases, that at the distal part does not come to complete 
convergence even with twenty phases. This observation 
may have a large impact when we try to calculate the dose 
to the surrounding normal tissue and the whole-body dose 
to estimate the risk of secondary cancer. 

 
Fig. 4 Accumulated dose distribution on a horizontal slice calculated using 
the data of (a) 4, (b) 10, (c) 20, and (d) 40 phases within the breathing cycle 

Table 1  Biological dose in the voxel of the highest dose calculated using 
the data of different numbers of sampled phases 

Phases sampled within the  
breathing cycle 

Maximum biological dose 
 (MeV-Eq./cm3/source) 

4 548. 
10 543. 
20 538. 
40 533. 
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IV. CONCLUSIONS  

We have successfully developed the first version of the 
4D Monte Carlo dose calculation system with the spring 
network model of lung motion. Further improvements in the 
lung model, dose mapping, dose accumulation, and the 
integration of the lung motion in the whole-body human 
voxel phantom are under way. 
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Objectives To investigate the prognostic factors of three-dimensional conformal 

radiotherapy (3D-CRT ) of regional metastatic lymph nodes of the esophageal surgical 

carcinoma patients. Methods In this study we collected ninety patients with 

pathology-confirmed esophageal carcinoma by resection specimens, who received 

radical 3D-CRT due to recurrence and/or metastasis lymph nodes. The prescription 

dose of those seventy-nine patients who received whole range 3-DCRT was 

50~72Gy/25~36F. The other 11 cases received traditional conventional radiotherapy 

before 3D-CRT, and the total dose was 50~76Gy/25~38F. Results The 1-, 3-, 5-years 

survival rate after resection were 85.71%, 34.34%, 14.92% respectively. The 1-, 2-, 

3-years survival rate was 43.41% 18.09%, 7.81% respectively after treatment by 

3D-CRT due to recurrence and/or lymph node metastasis. The primary tumor length, 

the X-ray visualization length ,tumor stage, the number of metastatic lymph node, the 

lymph node metastasis time and the lymph node ratio (LNR) were significantly 

associated with the long-term survival  after resection. The TNM stage, the 

maximum diameter and the diminution extent of metastatic lymph node, the occurring 

metastasis time, the early efficacy of radiotherapy and the presence of irradiation 

induced pneumonia were significantly associated with survival rate after radiotherapy. 

Conclusions The lower the lungs V35 was, the earlier efficacy presented after radio- 

therapy. The bigger the diminution extent of metastatic lymph node was, the longer 

the survival rate was after radiotherapy.   

key words esophageal carcinoma; surgical therapy; radiotherapy; lymph 

node;  metastasis  
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Abstract— Brachytherapy is a radiotherapy treatment 
where encapsulated radioactive sources are introduced per-
manently (interstitial seeds) or temporally (interstitial or in-
tracavitary devices) within a patient. When high dose rate 
sources (HDR) are used in intracavitary treatments, high doses 
can be locally imparted within the patient body. In multiple 
types of gynecological cancer, intracavitary brachytherapy can 
be used combined with other therapy treatment to give an 
additional local dose to the tumor. In these cases, different 
types of applicators can be used in order to increase the dose 
imparted to the tumor while the effect on healthy tissues is 
restricted. In order to control both source characteristics and 
treatment planning evaluation, an independent system must be 
used by the physicist consisting in experimental devices and/or 
simulation techniques (i.e. the Monte Carlo method). The aim 
of this work is to model both applicator and source in order to 
evaluate the dose distribution and some source characteristics 
(i.e. air kerma strength). The MCNP5 code based on the Monte 
Carlo method has been used for the simulation. A gynecologi-
cal applicator, consisting of a metallic intra-uterine tube with a 
plastic vaginal applicator and a Microselectron HDR Ir-192 
source has been simulated to evaluate the dose distribution. A 
solid phantom (PMMA) has been designed to perform meas-
urements around the applicator with radiochromic films (type 
Gafchromic EBT). The dose profile obtained with the 
F4MESH tally of MCNP5 has been compared with measure-
ments done with radiochromic films and simulation with a 
treatment planning system. 

Keywords— brachytherapy, Monte Carlo method, treatment 
planning, dose assessment, Quality control.  

I. INTRODUCTION  

Brachytherapy consists in using encapsulated sources at 
short distances from target volume for irradiation of malig-
nant tumors. It can be used alone or in combination with an 
external radiotherapy treatment. Compared to external beam 
treatment, the advantages of brachytherapy result in a better 
localization of the dose into the tumor and better protection 
of healthy tissues. In the case of intracavitary afterloaded 
high dose rate treatment (HDR), a source of high activity is 

temporary introduced into the patient body. Depending on 
the tumor localization, different applicators can be used to 
achieve a right positioning of the source. Due to the high 
dose rate, dose distribution has to be known with a good 
precision to perform the treatment planning. In the AAPM 
TG 56 [1], quality assurance advices are given to ensure the 
good quality of the treatment and the security of the patient. 
These requirements are focused on the control of the irradia-
tion time, the source localization and the dose distribution 
around the applicator device and include both source char-
acteristics and treatment planning evaluation. To meet the 
quality requirements for dose evaluation, both measure-
ments and Monte Carlo simulations can be used. In the 
present work, the case of HDR treatment and gynecological 
applicator has been investigated. A commercial treatment 
planning system, PLATO from Nucletron, has been used to 
obtain the dose distribution evaluation. 

II. INSTRUMENTATION AND METHODS 

A. Source and applicator model 

The source considered in this work is an HDR Ir-192 
produced by Amersham and used in a MicroSelectron after-
loading system from Nucletron. The energy spectrum of the 
source has been obtained from the JANIS database [2]. A 
model of the source including its capsule (316L stainless 
steel) and guiding cable (304 stainless steel) has been de-
veloped. A layout of the source model can be seen in figure 
1. In the case of gynecological treatments, an applicator is 
used for both the right positioning of the HDR source and 
the protection of healthy tissues. The applicator analyzed in 
this work consists of two parts: an intra-uterine tube and a 
vaginal applicator. The intra-uterine part consists of a me-
tallic tube (AISI 304, density of 7.92 g/cm³) with a 15° 
inclination at the end side. The vaginal applicator is formed 
by two plastic cylinders (PPSU, density of 1.29 g/cm³) of 2 
cm diameter and 2.5 cm length. The model developed for 
the Monte Carlo simulation [3] is showed in the figure 2. 
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Fig. 1 Source model 

 

Fig. 2 Model of source and applicator 

B. MCNP5 calculation 

For the dosimetric study of the irradiation device (source 
plus applicator) simulations have been performed using the 
MCNP5 code [4] based on the Monte Carlo method. 
F4MESH tally calculations have been done to assess doses 
around the applicator and also to evaluate Air Kerma and 
Air Kerma Strength in a direction perpendicular to the 
source axis. In order to transform fluence (particle/cm2) into 
dose (Gy) DE and DF cards have been used. These cards 
contain the appropriate conversion factors obtained from the 
energy mass absorption coefficient in air provided by NIST 
[5].  The ENDF/B-VI cross section library has been used. 
The voxel size for calculation depends on the size of the 
measuring device used for the comparison between calcula-
tion results and experimental measurements. Only photon 
calculation has been used. The cutoff has been fixed to 1 
keV for photons and 20 keV for electrons. In each case, 500 
millions of particles have been launched to improve statis-
tics. In order to increase the calculation efficiency (and 
decrease the time of execution), a source surface (SSW) has 
been created surrounding the inclined part of the intrauter-
ine tube [4]. 

C. Measurements in PMMA phantom 

To allow the good positioning of both measuring device 
and gynecological applicator, a PMMA phantom has been 
designed. It consists of 30 PMMA sheets (density 1.19 
g/cm³) of 15*15*0.5 cm. The four central sheets have been 
manufactured in order to contain the applicator. Other 
sheets allow the positioning of different measurement de-
vices, like radiochromic films. To allow comparisons be-

tween in-phantom measurements and MCNP5 calculations, 
a model of the phantom has been developed.  

The dose distribution measurements have been per-
formed using radiochromic films. Radiochromic films are 
self developing films consisting of a layer of Pentacosa-
10,12-diynoic acid (37 µm) between two layers of clear 
polyester (97 µm each). They are widely used for the 
evaluation of relative doses but also for absolute absorbed 
doses because of being tissue equivalent (Zeff= 6.90) and 
showing a high spatial resolution. In this study, Gafchromic 
EBT© have been used to measure doses. Each film used has 
been scanned with a simple scanner to assess the uniformity 
of the reading (optical density, OD) before use. The dose 
calibration has been performed for 18 different doses rang-
ing from 0 to 5 Gy delivered by a 6 MV photon beam pro-
vided by a LINAC medical accelerator. The reading has 
been realized 12 h after irradiation using a Epson V700 
photo and the Verisoft software. The spatial resolution of 
the reading is 200 dpi. 

III. DISCUSSION AND RESULTS  

A. Evaluation of Air Kerma strength. 

The Air Kerma (Gy/h) and Air Kerma Strength, Sk, 
(µGy-m²/h) have been evaluated in a direction perpendicu-
lar to the axis of the source, which is located into the intra-
uterine tube, using the F4MESH tally as explained above 
(§II.B). In the figure 3 the Air Kerma Strength per particle 
emitted is represented for distances from the surface of the 
intrauterine tube up to 8 cm. 
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Fig. 3 Sk (µGy-m²/h per particle) for 192Ir  

Sk (in mGy-m²/h) has been evaluated using the activity of 
the source found in the calibration sheet given by the manu-
facturer. A value of 47.20 mGy-m²/h has been obtained, 
which differs 3% from the value announced in the calibra-
tion sheet (45.69 mGy-m²/h). 
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B. Dose evaluation 

For the in-phantom measurement, two gafchromic films 
(15 * 10 cm) have been inserted between two PMMA sheets 
at two different distances (1 and 2 cm) of the intra-uterine 
tube axis. The total dose is the sum of those delivered at 
four different positions of the source into the intra-uterine 
tube in order to minimize the dependence on the source 
position and to simulate a real treatment. After scanning the 
films with the Epson V700 photo and applying calibration 
(OD as a function of dose), a dose matrix can be obtained. 
Dose profiles can be drawn using the Verisoft software or 
using the toolbox of MATLAB. Measured doses can be 
compared with results obtained using F4MESH tally of 
MCNP5 and with the dose distribution given by the PLATO 
treatment planning system. For the MCNP5 calculation, the 
voxel size has been fixed at 1*1*0.037 mm where 37 µm 
corresponds to the thickness of the active layer in the Gaf-
chromic film. For the dose distribution calculation using 
PLATO TPS, it is necessary to use images of 5 mm thick-
ness of the PMMA phantom obtained with a medical CT 
scanner. A treatment considering the mentioned 4 positions 
of the source has been simulated with PLATO and the dose 
distribution corresponding to the position of the Gafchromic 
film has been evaluated. 

As it can be seen in figure 4, the maximum value of the 
dose profile (taken at 1 cm from the source axis) is nearly 
the same in both MCNP5 calculation (261 cGy) and Gaf-
chromic measurement (277 cGy) but deeply different when 
the treatment planning system is used (PLATO, 403 cGy). 

However, the three dose distributions are in good agreement 
at approximately 1.5 cm from the position of the maximum. 
The difference between PLATO and experimental dose 
maximum can be attributed to attenuations within the source 
and the intrauterine tube, which are not taken into account 
in the PLATO software. Nevertheless, it can also depend on 
the definition in the treatment planning system of the plane 
where the dose profile is measured. It is obviously neces-
sary to study other cases varying positions and distances. 

IV. CONCLUSIONS 

Results obtained with Monte Carlo simulation (MCNP5 
code) show a better agreement with experimental measure-
ments performed with gafchromic films than those obtained 
from PLATO treatment planning system. Nevertheless, the 
comparison has been done at 1 cm from the source axis and 
it is necessary to verify this statement for further distances 
where some healthy tissues can be affected. It will be done 
in a near future comparing isodose curves obtained by the 
three procedures. 

For the plane where the profile has been simulated and 
measured, the maximum value is higher when the PLATO 
TPS is used. Therefore, PLATO overestimates the dose. 
From the point of view of radioprotection the situation is on 
the safe side, but the dose imparted to the tumor may be 
lower than necessary. 
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Fig. 4 Comparison of dose profiles at 1cm from the source  
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Abstract— Accurate calculation of the absorbed dose distri-
bution in patients irradiated by clinical electron beams is very 
important in radiotherapy treatment. Currently, the most 
accurate method of radiation therapy dose calculation is pro-
vided by the Monte Carlo (MC) simulation of the radiation 
transport. The aim of this study was to investigate and deter-
mine the particles angular distributions from the diaphragm 
applicators of a medical linear accelerator (Neptun 10PC) 
using MC method. The linac electron beams (6, 8, an 10 MeV) 
were modeled using the BEAMnrc MC system based on the 
EGSnrc code. The geometry of the linac treatment head was 
modeled. The MC phase space recorded files were analyzed 
with the BEAMDP program in order to determine the par-
ticles angular distributions. The results indicated that the 
direction of the particles emerged from the linac trimmer 
applicators are mostly in forward direction for all the linac 
electron beams.  

Keywords—Linac, Electron Applicator, Monte Carlo, Particle 
Angular Distribution 

I. INTRODUCTION  

Understanding electron angular distributions from clini-
cal electron accelerators is an important aspect for dosime-
try and treatment planning purposes [1, 2]. Many researches 
have documented the effects of treatment machine beam 
collimation systems on the output factors and dose distribu-
tions [3, 4]. Scattered radiation from the electron applicators 
applied in radiotherapy is a well-known phenomenon [5. 
The particles in the electron beams entering the applicator 
assembly will either pass through to the patient surface 
without interacting with the applicator components or inter-
cept by the applicator trimmer. Most of those which strike 
the trimmer are absorbed through. However, some emerge 
with a varying degree of scattering and energy loss. The 
particles emerging from the trimmers will either travel di-
rectly to the patient surface, where they will have an altered 
energy and angular distribution relative to those particles in 
the primary beam, or enter another trimmer [6]. The effect 
of the applicator is thus providing an additional beam com-
ponent (applicator scatter) to the primary beam which may 
influence the machine output and the resulting dose distri-
butions [7]. Application of Monte Carlo method for the 

simulation of electron beams has a long history. More re-
cently, Udal-Smith used Monte Carlo calculations to show 
the quantitative details of the energy and angular distribu-
tions incident on the patient plan. Currently, investigators 
are extending the Monte Carlo simulation method to a wide 
rang of clinical linacs [8]. The aim of this study was to 
investigate and determine the particles angular distributions 
from the diaphragm applicators of a medical linac machine 
(Neptun 10PC). 

II. MATERIALS AND METHOD 

A. Medical linear accelerator 

All experimental measurements and Monte Carlo calcu-
lations were performed on a NEPTUN 10PC medical linear 
accelerator [9]. The accelerator is a stationary wave type 
equipped with an achromatic bending magnet system. The 
linac provides a photon (9 MV) and three electron beams (6, 
8 and 10 MeV) on which this investigation was carried out. 
The electron beam applicators of this linac are variable 
trimmers consisting of five scrappers. Every scrapper is 
constructed from 3 layers with different thicknesses and 
materials. The distances between all the scrapers, except the 
last one, are the same. In order to achieve a flat dose profile 
and minimize the patient discomfort, all practical measure-
ments as well as simulated calculations carried out for the 
electron therapy by this accelerator were performed at a 
source to surface distance (SSD) equal to 105 cm. Detailed 
information regarding the geometry and materials of the 
applicators used in this study was provided by the vendor. 

B. Experimental measurements 

The central axis depth dose curves were measured in wa-
ter at SSD = 105 cm using a computerized water phantom 
radiation field analyzer (Scanditronix RFA-300 - IBA 
Scanditronix Medical AB, Uppsala, Sweden) which is a 
dosimetry system for the 3D radiation field analysis. A 
waterproof high doped p-type silicon diode (EFD-3G, made 
by the same manufacturer) was used to measure the percen-
tage depth doses at the central axis. The thickness of this 
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silicon chip is 0.5 mm and its’ active area diameter is 2 m. 
Another diode was placed in the periphery of the radiation 
field during the experimental measurements as the reference 
detector. 

The percent depth dose (PDD) curves for 6, 8 and 10 
MeV electron beams were measured with the applicators in 
place in the reference field sizes ( 10 × 10 cm2) at SSD = 
105 cm. In addition, the dose profiles were measured for the 
reference field at the d max for each electron beam. The 
curves represent the averaged values obtained from three 
separate measurements made for every situation. 

C. Monte Carlo calculations 

Electron beams were modeled using the BEAMnrc sys-
tem based on the EGSnrc code [10]. Detailed information 
used in the Monte Carlo simulation, regarding the geometry 
and materials of various components of the linac treatment, 
was provided by the vendor [9]. The geometry of the linac 
treatment head structures was modeled for the reference 
field and three nominal electron beam energies of the linac 
(6, 8 and 10 MeV) at SSD = 105 cm. 

All the simulations made for the electron beam nominal 
energies were performed with monoenergetic parallel circu-
lar beam sources with a 2 mm diameter incident size from 
the linac model. The electron beam energies were adapted 
to give depth dose curves having the same depth at the 50% 
dose level. For all the simulations, the energy cut-offs for 
the particle transport were set to ECUT (electron cut-off 
energy) = 0.7 MeV (kinetic energy plus rest mass) and 
PCUT (photon cutoff energy) = 0.01 MeV. Enough number 
of source electrons histories (108) was selected leading to 
1% relative standard error of the mean of the calculated 
dose. The particles, after being transported, were scored at a 
scoring plane placed after the last scraper. Then, the infor-
mation of this scoring plane, which is conventionally named 
the phase space file by the code, was used as the source 
input for the simulations of the dose distributions in the 
water phantoms of a rectilinear voxel geometry configura-
tion using the DOSXYZnrc system being itself based on the 
EGSnrc Monte Carlo code [11]. 

Statistical uncertainties of a Monte Carlo simulation can 
simply be reduced by running more particle histories so that 
its effect becomes insignificant for a particular application 
[12]. Therefore, by using 108 histories, the statistical uncer-
tainties, obtained by the EGSnrc Monte Carlo simulation 
code in this study, was estimated to be about 0.3% and 1% 
for the phase space parameters and the absorbed dose calcu-
lation respectively.  

In order to benchmark the simulated models, the PDD 
curves and dose profiles at d max were measured experimen-
tally for all the energy settings at the reference field size 

with the diode detectors located in the RFA 300 water phan-
tom, as mentioned above, and compared with the calculated 
values estimated by the Monte Carlo method. After the 
benchmarking, the program BEAMDP (BEAM Data Pro-
cessor) was used to analyze the phase-space files and de-
termine the particle angular distributions. In this regard, the 
number of angular bins was set to 180, the minimum and 
maximum angles were also set to 0 and 90 degrees respec-
tively.  

III. RESULTS  

A. Comparison of absorbed dose distributions 

Calculated results of the BEAMnrc simulations made for 
the NEPTUN 10PC electron beams have bean presented and 
the central axis depth-dose and dose profile values calcu-
lated from the BEAMnrc phase-space data files have been 
compared with those measured experimentally. The main 
function of the BEAMnrc calculations is to generate a varie-
ty of phase-space data files that are used as input source 
files for the DOSXYZnrc program to calculate dose distri-
butions in a water phantom, and to create a basis on which 
the multiple-source models can be built.  

Figure 1 shows the measured and calculated depth dose 
curves for the 6, 8, and 10 MeV electron beams for the 
reference field (10×10 cm2). Figures 2 show the measured 
and calculated cross line dose profiles at the dmax for the 
three electron beam energies at the reference field. The 
phase-space data files derived from the MC simulation of 
the linac were used for the calculated values.  

Performing the Kolmogorov-Smirnov test indicated that 
the PDD values and the dose profiles calculated with the 
Monte Carlo code for the three electron beam energies (6, 8, 
and 10 MeV) match well with those measured experimen-
tally everywhere on the curves. 

Table 1 shows the P-valves of the Kolmogorov-Smirnov 
test resulted from the comparison of the calculated PDD and 
dose profile values with those measured experimentally.  

Figure 3 shows the particle angular distributions form the 
electron applicators. As could be noted from the figure, the 
peak values of the curves indicate that the highest particle 
angular distribution for the 6, 8, and 10 MeV are located at 
5, 4, 3 angular degrees respectively. This proves that the 
direction of the particles emerged from the trimmer applica-
tors are in forward direction. It also indicates that the par-
ticles are transported in a rather smaller angle with increas-
ing the energy of the electron beams.  
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Fig. 1 Central axis PDD curves of the experimental measurements and MC 
calculations (from the phase-space files) for different electron beam ener-

gies: 6MeV (a), 8MeV (b) and 10MeV (c), at the reference field size 
(10×10 cm2). 

Table 1 The P-values of the KS test resulted from the comparison of the 
MC calculated PDDs and dose profiles made at the reference field with 

those measured experimentally. 

Electron beam energies  P-values 
(MeV) PDDs Dose profiles 

6 0.819 0.416 

8 0.358 0.759 

10 0.346 0.769 
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Fig. 2 Cross line profiles of the experimental measurements and MC 

calculations (from the phase-space files) for different electron beam ener-
gy: 6MeV (a), 8MeV (b) and 10MeV (c), at the reference field size (10×10 

cm2). 
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Fig. 3 Particle angular distributions form the electron applicators 
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IV. DISCUSSION 

In this study the measured doses in homogeneous media 
exposed to Neptun 10PC electron beams (6, 8, and 10 MeV) 
were compared to those predicted by the EGSnrc Monte 
Carlo code. The study was facilitated by the availability of 
the BEAMnrc system based on the EGSnrc code enabling 
us to perform full 3-D treatment head simulations and to get 
output phase-space data giving a more detailed description 
of the electron beams. The main objective of the BEAMnrc 
calculations in this study was to generate a variety of phase-
space data files that could be used as the input source files 
for the DOSXYZnrc program to calculate dose distributions 
in a water phantom. We focused on a typical linear accelera-
tor (NEPTUN 10 PC) that uses scattered beams. However, 
the methodology employed is generally applicable to any 
similar accelerator and all particles (electrons, positrons, 
and photons) of both electron and photon clinical beams.  

The results of this study sowed that the Monte Carlo cal-
culations using the phase-space data files matched well with 
the measured PDD and does profile curves with 3% uncer-
tainties. Our findings also indicated that the agreement 
between the values of the most probable electron energy at 
the phantom surface Ep0 and the average energy on the 
phantom surface E0 obtained from the measured and calcu-
lated data was very good with 1% uncertainties in most 
cases. These prove the validity of the Monte Carlo simula-
tion method used for the determination of the initial phase-
space data files.  

The angular distributions for each electron beams were 
derived from the simulated phase-space data files using the 
computer code BEAMDP [13]. The beam characteristics are 
usually different due to variation in accelerator designs and 
on-site beam tuning. It was noted that the angular distribu-
tions at the scoring plane after the last scraper obtained by 
the MC method for the NEPTUN 10PC linear accelerator 
have fewer low-energy electrons. 

V. CONCLUSIONS  

The aim of this study was to investigate and determine 
the particles angular distributions from the NEPTUN 10PC 
electron applicators. The Monte Carlo calculated PDD and 
does profile curves matched well with the experimentally 
measured ones. This proves the validity of the Monte Carlo 
simulation method used for the calculation of the depth dose 
curves with and without the applicators, as well as the cal-
culated angular distributions of particles from the electron 
applicators. The results of this study indicated that the direc-
tion of the particles emerged from the trimmer applicators 
were in forward. In addition, our results showed that the 

particles transported in a rather smaller angle with the in-
creasing of electron beam energies. 
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Abstract— Objective: To investigate the feasibility of a 
4D-CT reconstruction method based on the similarity 
principle of spatial adjacent images and mutual information 
measure. Methods: A motor driven sinusoidal motion platform 
made in house was used to create one-dimensional periodical 
motion that was along the longitudinal axis of the CT couch 
with an amplitude of ±1cm,and the period of 3.5s. Phantom 
objects of two eggs were used to simulate the tumor 
undergoing ideal periodic motion. And the CT data of 
periodical motion phantom were acquired in an axial and 
cine-mode scan. A software program was developed by using 
VC++ and VTK software tools to re-sort the CT data and 
reconstruct the 4D-CT. Then all of the CT data with same 
phase were sorted by the program into a same series based on 
the similarity principle of spatial adjacent images and mutual 
information measure among them, and 3D reconstruction of 
different phase CT data were completed by using the software. 
Results: All of the CT data were sort accurately into different 
series based on the similarity principle of spatial adjacent 
images and mutual information measures among them. 
Compared with the unsorted CT data, the motion artifacts in 
the 3D reconstruction of sorted CT data were reduced 
significantly, and all of the sorted CT series result in a 4D-CT 
that reflected the characteristic of the periodical motion 
phantom. Conclusion: Time-resolved 4D-CT reconstruction 
can be implemented with any general multi-slice CT scanners 
based on the similarity principle of spatial adjacent images 
and mutual information measure, the process of the 4D–CT 
data acquisition and reconstruction were not restricted to the 
hardware or software of the CT scanner and has the feasibility 
and extensive applicability.  

Keywords—  Phantom, 4D-CT, Similarity, Motion artifacts, 
Mutual information 

I. INTRODUCTION  

 
Most of CT image reconstruction algorithms assumed 

that the objects were in still when being scanned. Motion 
artifacts could be introduced if organ motion was present 
during CT data acquisition. Such artifacts may result in 
misunderstanding in clinical practice. The deviation of the 
volume of three-dimensional(3D) CT reconstruction as 
much as 89% resulted from motion artifacts has been 

reported in a research [1]. In order to reduce or eliminate the 
impacts of motion artifacts on the CT image of thoracic and 
abdominal organs and achieve accuracy three-dimensional 
conformal radiation therapy (3D-CRT), the time-resolved 
3D-CT volumes, often referred to as 4D-CT, had been 
reconstructed by using different scanning protocols[3-6]. 
Although subtle differences existed among those scanning 
protocols, the general ideas were the same, which could be 
described as the following process: The respiratory signals 
were sampled by using external respiration monitor at the 
same time during CT data acquisition, and the external 
respiration monitor must be communicated with the CT 
scanner in order to synchronize the CT imaging and the 
breathing signals. A respiratory cycle usually was equally 
divided into 8~10 different time-intervals (phases) and 
every CT slice was corresponding to a phase, then all of the 
CT data with the same phase and different scanning 
locations were sorted into an identical CT series, and 8~10 
such CT series with different phase were sorted out. At last, 
3D reconstruction for each CT series was implemented and 
a dynamic 3D-CT set named as 4D-CT was achieved.         
Because the general multi-slice CT scanners are usually 
lack of 4D-CT reconstruction software packages and can 
not communicate with respiratory signal monitor and 
acquire synchronized CT data and breathing signal, 
therefore, current 4D-CT sampling and reconstruction can 
be only implemented with a specific new type CT scanner 
and can’t implemented with a general multi-slice CT 
scanner. 

To overcome the limitation of current 4D-CT system, we 
proposed a method to reconstruct time-resolved CT 
volumes based on the similarity principle of spatial 
adjacent images and mutual information measure, and a 
4D-CT reconstruction software program was developed by 
using VC++ and VTK software package which makes 
4D-CT reconstruction feasible for any common multi-slice 
CT scanner.  

II. MATERIALS AND METHODS  

• Instruments  
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A motor driven sinusoidal motion platform made in 
house[1] was used to simulate respiratory motion. The 
motion is one-dimensional, along the longitudinal axis of 
the CT couch. The amplitude of sinusoidal motion is 
mechanically set to ±1 cm, or 2 cm peak to peak. The period 
of the motion is adjustable, and was set to 3.5s in the study. 
Phantom objects of two eggs were placed in a 
styrofoam-block fixed on the moving platform. These 
objects were used to simulate a lung tumor undergoing ideal 
one-dimensional periodic motion. CT data of the phantom 
were acquired using a General Electric (GE) LightSpeed 
16-slice CT scanner. 

• Static phantom CT scan in axial mode  

To obtain realistic reference images for segmentation of 
4D-CT data, a static phantom CT data were acquired in an 
axial mode with a GE LightSpeed 16-slice CT scanner. CT 
data were reconstructed in a field of view of 23.7 cm on a 
512×512 grid with a slice thickness of 2.5mm, and the 
oblique density projection and sagittal reconstruction CT 
data of the phantom were implemented by using the 
program developed in the work, the results were listed in 
Fig.1.  

• Periodical motion phantom CT scan in axial mode 

The CT data of the periodical motion phantom were 
acquired using a GE LightSpeed 16-slice CT scanner in an 
axial mode. The motion is one-dimensional, along the 
longitudinal axis of the CT couch. The amplitude of the 
motion was ±1 cm, and the period of the clip motion was 
set to 3.5s in the study. The CT data were acquired and 
reconstructed in the same way described in static phantom 
CT scan, the results were listed in Fig.2. 

• Periodical motion phantom CT scan in cine mode 

CT data of the periodical motion phantom were acquired 
in an axial cine mode. The motion period was 3.5s, and the 
amplitude was ±1 cm, and the time interval needed for a 
full CT tube rotations in our case was 0.5s, therefore the 
cine duration time of the scan was set to 4s. CT data were 
reconstructed on a 512×512 grid with a slice thickness of 
2.5 mm, 4 slices of images were reconstructed per rotation. 
The phantom was scanned at 10 table positions, where cine 
1 to 10 is numbered in the order from superior to inferior, 
and 320 CT images were acquired in the study. The CT data 
were reconstructed in the same way described in static 
phantom CT scan, and the results were listed in Fig.3. 

• Similarity measure 

In recently years, it has been widely accepted in image 
registration fields that the mutual information was taken as 

the most accurate similarity measure. If the voxel 
intensities of CT image r and f, which are between 0~255, 
were taken as two random variable A and B, and let 
Pr(a)and Pf(b) denote the probability distribution, Pr f(a b) 
denotes the joint probability distribution, then the mutual 
information of random variable A and B can be described 
as the following function: 
       I(A,B)=H(A)+H(B)-H(A,B)          1    

In which H(A), H(B) and H(A,B) denote the individual 
entropy and joint entropy of random variable A and B, 
respectively, which were defined as following equations: 

          2      
The mutual information of two images can be calculated 

out by using the following equation: 

             3     

• CT resort and 4D-CT reconstruction  

It is out of question that the surface of scanned phantom 
is consecutive in every moment, the transformation of the 
phantom contoure in two adjacent transects is consecutive 
too. The two spatial adjacent images acquired at the same 
phase have the maximal similarity in voxel intensity 
distribution and contoure. This character is named in this 
study as the maximal similarity principle of two spatial 
adjacent images. 

The phase relationships among the images of the same 
cine are fixed, they are in the order of the row. But the 
phase relationships between the two adjacent lists which 
are in two consecutive cine scans are not in the same order 
of the row, because they were acquired at different initial 
phase of the motion cycle. This relationship can be found 
out by some analysis. The maximal similarity principle of 
two spatial adjacent images and maximum mutual 
information can be used to determinate the relationship. 
The mutual information values between the any image of 
the last list in previous Cine scan image matrix and every 
image of the first list in next consecutive Cine scan image 
matrix can be calculated out according to the equation (3), 
and the two images that have the maximum mutual 
information value possess the same phase.  

Based on the mutual information calculation, all of the 
CT data acquired in axial cine mode can be re-sorted into 
eight different single-phase CT data series. Then 
three-dimensional reconstructions, oblique density 
projection reconstruction and sagittal reconstruction of the 
different single-phase CT data series were implemented, 

 

  
 IFMBE Proceedings Vol. 25  

Four-Dimensional Computerized Tomography (4D-CT) Reconstruction without an External Breath Surrogate 197



 

and all of the three-dimensional reconstructions compose a 
time-resolved 4D-CT data.  

III. RESULTS  

The axial CT images and reconstructed images of 
different scanning protocols are listed in Fig.1 to Fig.4. 

   
             a                         b             

Fig.1 static phantom, directly reconstructed images of oblique density 
projection (a) and sagittal CT (b) 

   
              a                           b       

Fig.2 phantom motion periods 3.5s, amplitude ±1cm, directly 
reconstructed images of oblique density projection (a) and sagittal CT (b) 

   
a                           b        

Fig.3 phantom motion periods 3.5s, amplitude 1cm, Cine scan 4s 10, 
directly reconstructed images of oblique density projection (a) and sagittal 
CT (b) 

  
  a                      b        

Fig.4 phantom motion periods 3.5s, amplitude 1cm, Cine scan 4s 10, 
4D-CT reconstruction, directly reconstructed images of oblique density 

projection (a) and sagittal CT (b) 

IV. CONCLUSIONS  

Time-resolved 4D-CT reconstruction can be 
implemented with a common multi-slice  clinical CT 
scanner based on the similarity principle of spatial adjacent 
images and mutual information measure, the process of the 
4D–CT data acquisition and reconstruction were not 
restricted to the hardware or software of the CT scanner 
and has the feasibility and extensive applicability.  

V. DISCUSSION 

In radiation therapy practice, CT data were usually 
acquired during the light breathing or hold-breath in order 
to reduce or eliminate the motion artifacts in the CT images 
of the thoracic and abdominal organs. Though the motion 
artifacts could be eliminated by this method, but the images 
couldn’t capture the dynamic features of the thoracic and 
abdominal organs. And it might result disadvantage impacts 
in clinic practice, especially for the three-dimensional 
conformal radiotherapy or intensity modulated radiation 
therapy (IMRT) for thoracic and abdominal tumor. The 
dose calculation based on the static images might induce 
significant errors, such as geometric miss on one side of the 
target and over irradiation of normal tissues on the other 
side. Some researches indicated that the dosimetric errors 
induced from respiratory motion during IMRT delivery 
may as much as -11.7% to 47.8%[7]. To explicitly include 
target motion in treatment planning and delivery, several 
time-resolved 4D-CT data acquiring methods[3-6] and it’s 
improved protocols[8-11] had been developed and widely 
used in clinical practice in recent years, which had provided 
a new solution to minimize influences of respiratory motion 
artifacts on the radiotherapy planning.  

In our experiments, images were reconstructed from 
projection data acquired in a cine scan mode. The results 
indicated that the reconstructed volume for a static object 
was identical to its reality and no distortion. For the clip 
motion phantom, which moved with ±1 cm amplitude and 
3.5s period, projection data of different part of the motion 
phantom during the 0.5s tube rotation were included in 
each CT slice, thus severe motion artifacts were particularly 
noticeable at the poles, and the directly reconstructed 
volume of clip motion targets became cylinder or other 
more monstrous shape. Due to partial projection effects, 
residual motion artifacts remained on the two poles of the 
4D-CT reconstructed dataset based on the similarity of 
spatial adjacent images an mutual information measure, but 
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the shape of the reconstructed 4D-CT volumes were quite 
similar with static phantom reconstruction, and the surface 
of the reconstructed volumes of the two motion objects 
were very smooth and identical to the reality, and there 
were little distortion and displacement, which means that 
motion artifacts were significantly reduced in images of the 
4D-CT and it could reproduce the motion character and the 
real shape of the periodical motion objects.  

The image registration based on similarity measure with 
mutual information could be as accurate as one pixel. 
Because the mutual information was based on the joint 
histogram and the statistic features of pixel intensity of two 
images and neglected the spatial relationship. If the CT 
images contained severe motion artifacts, the pixel intensity 
might be changed by the motion artifacts, and impacts on 
the maximum mutual information measure might be 
introduced, and error results could be achieved when the 
similarity and succession measures determined exclusively 
by the maximum mutual information measure, therefore, 
other similarity and succession measures should be adopted 
to eliminate such errors.  

Berlinge et al[11] proposed a 4D-CT reconstruction 
method, which labeled CT images with their respiratory 
state by a needle, connected to the patient’s chest/abdomen. 
By means of leverage the needle followed the abdominal 
respiratory motion. The needle was visible as a blurred spot 
in every CT slice. Then the CT image could be sorted into 
different single-phase bins according to the detected 
positions of the moving needle in every single slice, and 
4D-CT reconstruction could be implemented in this way. 
The common advantages of Berlinge’s and our group’s 
4D-CT reconstruction are that no complex respiratory 
measuring tools or synchronized communications are need. 
The methods are simple and inexpensive. They are 
compatible with all of the CT scanners as no signal has to 
be fed into the scanner. However, the positions of the 
needle in Berlinge’s 4D-CT reconstruction were binned into 
only five respiratory states, instead of eight to ten bins used 
by others, and it was not possible to distinguish between 
intermediate, inhale and exhale directions of the breathing 
cycle. 

Compared with previously reported prospective or 
retrospective 4D-CT reconstruction with a single-slice or 
multi-slice CT, the 4D-CT reconstruction method proposed 
here dose not relay on the external breath surrogate to 
provide the synchronized breathing signal. The advantages 
of this method include the following aspects: First, it is 
based on the similarity of spatial adjacent images and 
mutual information measure and overcomes the inaccuracy 
of external breath monitoring system, because such external 

breath surrogate may not accurately represent the internal 
motion. Second, the reconstructed 4D-CT volume has a 
perfect continuity and the displacement level is very small. 
At last, the reconstructed software of this method is 
independent to the CT software system and has the 
extensive applicability.  
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Abstract— The objective of this study was to extend the us-
able dose measurement range of Gafchromic EBT film (EBT). 
EBT has the advantages of high sensitivity and improved film 
uniformity up to 8.0 Gy over Gafchromic MD-V2-55 film 
(MD-V2-55). EBT samples were exposed from 0.3 to 80 Gy. 
Optical densities of the samples were measured using ES-2200 
(Seiko Epson Corporation, Nagano, Japan). EBT has an ab-
sorption spectrum with a maximum absorption band centered 
at 630 nm. The wavelength position of a maximum absorption 
does not shift with increasing dose within usable dose range. 
High sensitivity measurement of density can be performed 
using measurement light of 630 nm. We designed a flat-bed 
document scanner with single emission spectrum centered at 
630 nm (IR-4000, iMeasure, Inc.) for EBT. Optical densities of 
the samples were also measured using IR-4000. The optical 
density response characteristics obtained by the combinations 
of EBT/ES-2200 and EBT/IR-4000 were compared with those 
of MD-V2-55/ES-2200. As a result, optical densities of EBT 
increased from 8.0 to 80 Gy. From the optical densities the 
calibration curves of net optical density versus delivered dose 
for dosimetry could be obtained. The combinations of EBT/ES-
2200 and EBT/IR-4000 had higher sensitivity of densitometry 
than MD-V2-55/ES-2200. The sensitivity of EBT/IR-4000 was 
highest. rror of dose measurements up to 80 Gy is within 
about ±5%, ±8%, and ±4% for MD-V2-55/ES-2200, EBT/ES-
2200, and EBT/IR-4000, respectively. The IR-4000 with single 
emission spectrum can bring out the capacity of high sensitiv-
ity and accuracy of EBT up to 80 Gy. 

Keywords— extension, dose measurement range, Gafchromic 
EBT film, flat-bed document scanner, Gafchro-
mic MD-V2-55 film 

I. INTRODUCTION  

Radiochromic film (RCF) has been used as a two-
dimensional radiation detector for dosimetry in radiotherapy. 
Gafchromic MD-V2-55 film (MD-V2-55) has been used 
extensively for conventional and intravascular brachyther-
apy sources, as well as external beam and radiosurgery 
treatment. This model is suitable to measure in the dose 
range from 3.0 to 100 Gy. A new model of RCF, Gafchro-
mic EBT film (EBT), became available in 2004. This model 
is designed to be used in the dose range from 0.01 to 8.0 Gy. 
EBT has the advantages of high sensitivity, improved film 

uniformity, shorter time period of post exposure optical 
density growth, and does not change absorption peak in 630 
nm up to 8.0 Gy over MD-V2-55. Therefore, we considered 
whether EBT could be used instead of MD-V2-55 in a high 
dose range. Since the optical density of 8.0 Gy was 0.4 
using flat-bed document scanners in previous studies of 
EBT, density response is expected in a higher dose range 
[1]. We studied the feasibility of using EBT for the high 
dose range. EBT samples were exposed from 0.3 to 80 Gy. 
The optical density of EBT up to 80 Gy was compared with 
MD-V2-55 data using flat-bed document scanner (ES-2200: 
Seiko Epson Corporation, Nagano, Japan). Flat-bed docu-
ment scanners are widely used in transmission mode due to 
their low cost and wide availability for RCFs. The idea of 
using the red channel of the RGB transmission image for 
RCF has been employed by many authors. However, this 
scanner was not primarily designed for measuring RCFs. 
The densitometry of RCFs should be measured at the 
maximum absorption peak in order to attain the maximum 
sensitivity of the dose response. In this study, we designed a 
scanner with single emission spectrum centered at 630 nm 
(IR-4000, iMeasure, Inc.) for EBT. Since EBT has an ab-
sorption peak on fixed wavelength, there is a good chance 
that the combination of EBT/IR-4000 measures the high 
dose at levels greater than 8.0 Gy with high sensitivity and 
accuracy. The combination of MD-V2-55/ES-2200 was 
employed as a conventional system. Potential capacity of 
the combinations of EBT/ES-2200 and EBT/IR-4000 were 
studied. The studied parameters of all three combinations 
were: (1) measurement uncertainty for optical density, (2) 
sensitivity, (3) dose uncertainty, and (4) accuracy of dose 
measurements.  

II. MATERIALS AND METHODS 

A. Gafchromic films 

The batch numbers of MD-V2-55 and EBT models were 
P0127MDV2 and 37122-021, respectively. These RCF 
products were commercially released by ISP (International 
Speciality Products, Wayne, NJ). RCF is nearly colorless 
before irradiation, turning an increasingly darker blue with 
increased dose. No physical, chemical or thermal processing 
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is required and the image becomes relatively stable within 6 
(EBT) or 24 (MD-V2-55) hours post-irradiation. 

 
B. Densitometric systems  

1. ES-2200 (Seiko Epson Corporation, Nagano, Japan) 

ES-2200 had a linear charge-coupled device (CCD) array 
detector and could equip a transparency unit with a xenon 
gas cold cathode fluorescent lamp as an option. The fluores-
cent lamp of this scanner had a light emission spectrum 
between approximately 400 nm and 750 nm. This scanner 
had a maximum pixel value of 48 bits RGB per pixel (16 
bits per color channel) and could measure optical densities 
(OD) ranging from 0.01-3.60 OD. It could operate in both 
reflection and transmission mode and was used in transmis-
sion mode. 

 
2. IR-4000 iMeasure , Inc., Nagano, Japan

The scanner requirement for RCFs is more stringent than 
the traditional silver-halide films. The IR-4000 has been 
designed with regard to the absorption peak properties of 
each RCF. The basic model of IR-4000 is the commercially 
available ES-2200. As a detector this scanner uses a linear 
color type CCD array and employs a transparency unit with 
light emitting diode (LED) that has a wavelength range 630 
nm. The full-width at half-maximum (FWHM) of the trans-
parency unit was approximately 20 nm. This scanner should 
require no adjustments or maintenance other than transpar-
ency unit replacement. The sensitivity nonuniformity of a 
lens, LED and CCD is automatically adjusted. The scanner 
has a maximum resolution of 1600 dpi. Today, this scanner 
is commercially available as an infrared image scanner and 
many types of transparency units are prepared as an option. 

 
C. Irradiation procedures 

The samples were cut from the sheet of each RCF. The 
size was 20 mm 35 mm. For both film models, we pre-
pared five film packets. Each packet consisted of 18 pieces 
of the MD-V2-55 or 21 pieces of the EBT. Samples were 
irradiated with a 6 MV photon beam from a 
MEVATRON77 DX67 accelerator (Toshiba Medical Sys-
tems Co.). They were placed at the isocenter plane of the 
accelerator, in a source-to-axis distance setup at a distance 
of 100 cm. A 10 cm 10 cm field size at the isocenter was 
used. The samples were covered with a 5 cm thick block of 
Solid Water phantom (RMI-457) and a 15 cm thick block 
was placed below the films, to provide sufficient backscat-
ter. The MD-V2-55 samples were exposed to the following 
doses: 0.3, 0.5, 0.7, 1.0, 2.0, 3.0, 4.0, 6.0, 8.0, 10, 15, 20, 30, 
40, 50, 60, 70 and 80 Gy. Similarly, the EBT samples were 

exposed to the following doses: 0.3, 0.5, 0.7, 1.0, 2.0, 3.0, 
4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10, 15, 20, 30, 40, 50, 60, 70 and 
80 Gy. The output of the linac was measured before and 
after the irradiations, and a variation of 0.30% was observed. 

 
D. Image processing 

The ROI was an 8.5 mm 13.5 mm (50 80 pixels) rec-
tangle in the center of each sample. The plastic mount with 
sample was arranged on the center of a document table. The 
gap between a sample and document table by use of a plas-
tic mount can avoid an interference artifact. Furthermore, 
we created a black acrylic holder (222 mm 310 mm, 2.0 
mm thick) to reduce the light scatter from the light source 
and to determine a reproducible positioning of the samples 
within the scan field. This black acrylic holder had a density 
step tablet (Fujifilm Co., Ltd.). The tablet had 30 steps with 
a density range of 0.04 to 2.94 OD. This tablet image of 
template was used to monitor the light response of the scan-
ner for absolute OD. The orientation of the sample on the 
scanner is crucial and should be held constant within an 
experiment. Therefore, the coating direction of all samples 
was adjusted to the slow scan direction. Once irradiated, the 
samples were preserved for a period of 24 hours (MD-V2-
55) or 6 hours (EBT) to self-develop, and then they were 
scanned. The samples were only removed from their light-
protecting box container during irradiation and measure-
ment to reduce the effects of ambient light. Samples were 
scanned with both ES-2200 and IR-4000 in transmission 
mode using the software, the EPSON Scan. A scanning 
resolution of 150 dpi was used. Unexposed and exposed 
samples were scanned eight times using the same parame-
ters and the last five scanned images were averaged. In this 
study, the scanner was turned off after every 24 consecutive 
scans and turned on again after sufficient cooling. The ob-
tained digital data were processed using the software, Im-
ageJ (Version 1.38x). A red component was extracted from 
the RGB scanned image and saved in TIFF. 

 
E. Calculation of net optical density 

Dose response relation for the film dosimetry is usually 
expressed as the measured net optical density (netOD) 
against the dose delivered to the film. However, the scan-
ners can not measure OD directly. The above-mentioned 
density step tablet was scanned by ES-2200 and IR-4000. 
Relations between pixel values and known ODs of density 
step tablet were obtained. Furthermore, the relations were 
fitted using a “Rodbard” approach. Pixel values of digitized 
images by two scanners were converted to OD by the fitting 
curves. The ROI determined in the converted OD images. 
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Fig. 1 Sensitometric curves of MD-V2-55/ES-2200, EBT/ES-2200, 
and EBT/IR-4000. 
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Fig. 2 Comparison of measurement uncertainty for optical density step 
tablet with single scan and multiple scans for ES-2200 and IR-4000. 

Each OD of unexposed and exposed samples for the ith 
sample packet was determined as a weighted mean: 
Each OD of unexposed and exposed samples for the ith 
sample packet was determined as a weighted mean: 
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where the corresponding uncertainties were calculated as 
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1           (2) 

and the summation is over the N calibration packets of sam-
ples. The final netOD and netOD for each RCF was deter-
mined as 

expexp unODODnetOD            (3) 
and, using the error propagation expression 

2
exp

2
exp )()( ODunODnetOD

          (4) 

 
F. Measurement uncertainty for optical density, dose 
uncertainty, and measurement accuracy 

Measurement uncertainty for optical density measured 
according to the method described by Gonzalez-Lopez [2]. 
The dose uncertainties of MD-V2-55/ES-2200, EBT/ES-
2200, and EBT/IR-4000 were experimentally estimated. 
The 1-sigma dose uncertainty was calculated as 

%1001

Gy
netODGy i

netOD
i

D

          (5) 

The intralot film-to-film variation and scan-to-scan varia-
tion were also estimated by this equation [3]. Since samples 
were scanned at the center of the document table, the non-

uniformity of the scan field was not taken into account in 
this study. The fits of delivered dose versus measured ne-
tOD change on the analytical forms were performed using 
the quasi-Newton minimization method (Microsoft Excel). 
For both film models, four film packets were used for the 
basic characteristics and calibration procedure. The fifth 
(test) film packet for both film models was used to evaluate 
the absolute dose measurements in this study. 

III. RESULTS 

The sensitometric curves of MD-V2-55/ES-2200, 
EBT/ES-2200, and EBT/IR-4000 were shown in Fig. 1. 
EBT/IR-4000 had the highest netOD in all dose ranges. In 
Fig. 2 measurement uncertainty is shown as a function of 
the OD, calculated with probability functions 1 SD. Fig. 3 
shows the dose sensitivity curves for MD-V2-55/ES-2200, 
EBT/ES-2200, and EBT/IR-4000. Dose sensitivity is de-
fined as the netOD divided by the dose that caused this OD 
change. The EBT/IR-4000 shows the most increase in sensi-
tivity, even higher than the sensitivity of the other 
film/scanner at all dose ranges. Dose uncertainty by using 
Eq. (5) is shown in Fig. 4. At lower doses, the dose uncer-
tainty increases. Errors of dose measurements between 0.3 
and 80 Gy were smaller than ±5%, ±8%, and ±4% for MD-
V2-55/ES-2200, EBT/ES-2200, and EBT/IR-4000 of the 
measured doses, respectively (1 SD). 
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Fig. 4 Total dose uncertainty curves for MD-V2-55/ES-2200, 
EBT/ES-2200, and EBT/IR-4000. 

IV. DISCUSSION 

Optical density response of EBT was able to be obtained 
in the dose range beyond 8.0 Gy using ES-2200 and IR-
4000. Since the netOD of EBT/IR-4000 at 80 Gy was 2.34, 
the density measurement with the IR-4000 multiple scan 
may be limited up to 80 Gy, taking account of the meas-
urement uncertainty of the Gonzalez-Lopez method [2]. We 
consider that sensitivity curves and dose uncertainty more 
directly describe the capabilities of the combination of 
film/scanner. EBT/IR-4000 had the highest sensitivity, 
while MD-V2-55/ES-2200 had the lowest sensitivity. The 
light source of IR-4000 has an emission spectrum (with 
FWHM 20 nm) matched absorption peak of EBT. Previous 
studies observed that the absorption peak of EBT does not 
shift at all with increased dose within 6.0 Gy [4]. Although 
absorption peak beyond 6.0 Gy has not been investigated, 
we considered this advantage of EBT worked effectively up 
to 80 Gy. At lower doses (less than 3.0 Gy), the dose uncer-
tainty of MD-V2-55/ES-2200 was highest. The dose uncer-
tainties of EBT/ES-2200 and EBT/IR-4000 were lower than 
MD-V2-55 /ES-2200. EBT/ES-2200 and EBT/IR-4000 
seem to be the better choice for all dose ranges. The per-
centage dose measurement errors (1 SD) are within ±5%, 
±8%, and ±4% for MD-V2-55/ES-2200, EBT/ES-2200, and 
EBT/IR-4000, respectively. From the above results EBT/IR-
4000 is a viable alternative to MD-V2-55/ES-2200 up to 80 
Gy. However, since the product accuracy of extension of 
the dose measurement range of EBT is not guaranteed by 

the manufacturer, it is necessary to investigate performance 
under the particular usages such as underwater use. 

V. CONCLUSION 

High sensitivity and accuracy of dosimetry up to 80 Gy 
can be performed by EBT instead of MD-V2-55, using a 
scanner with a light source of single emission spectrum. 
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Abstract— The purpose of this study is to investigate the in-
fluence of different computed tomography (CT) slice thickness 
on the dose calculation uncertainty in the planning volume and 
organs at risk. Two patients with brain tumors undergoing 
stereotactic treatment were selected and CT scans of the head 
with 2 mm slice thickness were performed. For the further 
analysis, slices were reconstructed so to have thickness of 2 
mm across the area of the planning volume and 4 mm other-
wise. For both CT series identical irradiation plans were calcu-
lated. Two scenarios were investigated: beams set-up where all 
beams are coplanar and beams set-up with non-coplanar 
beams. Dose-volume histograms (DVH) for organs at risk were 
calculated for both scenarios and compared. A dosimetric 
analysis using dose DVH was conducted to assess the potential 
clinical relevance of the findings. An important observation of 
this study is that dose calculated for fine structures (chiasm, 
optical nerves) was found to be very dependent on the slice 
thickness. A slice thickness of 2 mm appears to be recom-
mendable for acquiring planning CT data for the patient un-
dergoing stereotactic radiation therapy. 

Keywords— radiotherapy treatment planning, CT slice thick-
ness 

I. INTRODUCTION  

In CT-based radiotherapy treatment planning (RTP), the 
volumetric data can be acquired with great flexibility in 
acquisition parameters. Although CT volumes for RTP can 
be collected with extremely thin (= 2mm) slices, this pre-
sents not only a large downstream data burden, but also a 
question of utility for anatomic resolution outside of the 
treatment fields. Due to the discrete nature of the spiral CT 
scan, each slice being reconstructed within the slice thick-
ness by interpolation, [1–4] the fine structures may be diffi-
cult to identify at a specific slice precisely. A maximum 
uncertainty equivalent to the CT slice spacing may be ex-
pected in the forward (cranial) and backward (caudal) direc-
tions. 

 The purpose of this work is to quantitatively examine 
the clinical efficiency question when utilizing variable slice 
resolution of contiguous volumes (no slice gaps).  

II. MATERIALS AND METHODS 

Two patients having brain metastasis were chosen for 
this study. In order to avoid scanning the patient more than 
once, the acquisition was conducted with entirely thin slices 
(2mm). Scanning was performed with Siemens Sensation 
CT Scanner (Siemens, Erlangen Germany), in the spiral CT 
modality. After obtaining continuous 3D data, retrospective 
reconstruction of thicker slices for certain regions was per-
formed on the following way: the slice thickness is set to 2 
mm across the (anticipated) planning volume (PTV) and 4 
mm otherwise (both superior and inferior to the PTV con-
taining volume). Reconstructed data has been imported into 
the radiation treatment planning system (iPlan 4.1, 
BrainLAB, Heimstetten, Germany) and appropriately 
merged into a consistent series. For each patient, a study is 
performed with initial CT series containing slices with 2 
mm thickness (CT1) and with CT series consisting of slices 
with different thickness (CT2). The two CT series were co-
registered and also co-registered with the magnetic reso-
nance (MR) images. On MR images more details of the 
anatomy can be seen and sharper organ boundaries can be 
delineated. PTV and organs at risk (OAR), such as brain-
stem, chiasm, eyes and optical nerves, have been contoured 
in MR images and then copied into two CT series. For both 
patients analyzed here, PTV was located cranial or caudal 
from chiasm, eyes and optical nerves. Those OAR were in 
CT2 set located in the area where CT slices have 4 mm 
thickness. 

 In each CT set, two irradiation plans, each containing 
eight beams  in the step-and-shoot technique, were generated 
for the PTV: one plan had coplanar beams set-up, and the 
other plan had a non-coplanar beams set-up. In the latter 
case, the plan was so designed that beams were passing in 
the vicinity of the optical nerves, chiasm and brainstem. 3D 
spatial dose distribution and dose-volume histograms 
(DVH) were obtained, including target volumes, eyes , optic 
nerves, brainstem and chiasm. Treatment plans were evalu-
ated and compared with respect to the dose-volume histo-
grams (DVHs) of the targets and the organs-at-risk (OARs ). 
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III. RESULTS AND DISCUSSION 

Calculated volume and maximal doses for PTV and OAR 
for coplanar beam set-up plan, for both CT sets are pre-
sented in Table 1. For small structures, such as chiasm and 
optical nerves differences in volume  can be noticed in two 
CTs. Those diffe rences are caused by a slight increase in the 
measurement of the longitudinal dimensions on the 2 mm 
scans, and the slice by slice measured organ area on the 4 
mm scans. For fine structures, it becomes possible that 
slices with wider spacing may miss tissue at the cranial and 
caudal end of the organ considered.  

Dose distributions inside the PTV corresponding to same 
plans (same beam set-ups), but different CT series were 
found to be identical, for both coplanar and non-coplanar 
beams. Analysis of the DVH for OAR shows that plans with 
coplanar fields calculated for the same PTV in CT with 
different slice thickness, have the same maximum, min i-
mum and mean dose value.  

Table 1 Volume and maximal doses for PTV and OAR in the plan with 
coplanar beams 

 
However, it was found that plans made with non-

coplanar beams in two CT series show diffe rences in the 
DVH for OAR. Calculated volume and maximal doses for 
PTV and OAR for non-coplanar beam set-up plan, for both 
CT sets are presented in Table 2. 

Table 2 Volume and maximal doses for PTV and OAR in the plan with 
non-coplanar beams 

 

 For the bigger organs, like brainstem or eyes, those dif-
ferences were found to be relatively small (1-2%). Differ-
ences in maximum dose are found to be especially large for 
the small organs when irradiation beams were passing in the 
vicinity of those risk structures. For chiasm, optical nerves, 
optical tract those differences in maximal dose could be up 
to 40%. In the analyzed cases, PTV for both patients was 
relatively far away from those structures, and maximal 
doses in those OARs  were not critical. But when lesions are 
in the vicinity of small OAR, the doses in those organs have 
to be calculated precisely. Recalculation of the DVH with 
small calculation grid couldn’t remove dose calculation 
uncertainty in analyzed cases. 

IV. CONCLUSIONS 

With the development of three-dimensional conformal 
radiotherapy planning the choice of imaging modality and 
its acquisition parameters become a priority question [5, 6]. 

The preliminary analysis of the influence of the CT data 
slice thickness on the radiotherapy treatment planning 
shows that the slice thickness of the planing CT could have 
an influence on the dose calculation in OAR. This effect is  
found to be important particularly for fine structures. It was 
found that the dose uncertainty for the small structures in-
creases with the CT slice thickness. 

This study underlines the importance of appropriate se-
lection of the slice thickness of the planning CT set. It is 
shown that for the stereotactic irradiation of the brain tu-
mors it is recommendable to acquire CT data with thin 
slices (2 mm). This finding is in agreement with results 
presented in [6], where it is also shown that the slice thick-
ness may have an impact on the dose calculation accuracy, 
especially for structures that have small volume.  
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Organ 
Volume[cm3]  

CT1             CT2 
Max Dose [Gy] 

CT1             CT2 
PTV 14.68 14.59 20.31 20.31 

Brainstem 26.24 26.34 4.33 4.32 

Eye, left  10.02 9.82 0.07 0.07 

Eye, right 9.29 9.24 0.09 0.09 

Chiasm 0.22 0.19 0.19 0.18 

Optic Nerve, left  0.96 0.90 0.13 0.13 

Optic Nerve, right 0.97 0.91 0.15 0.14 

Organ 
Volume[cm3]  

CT1             CT2 
Max Dose [Gy] 

CT1             CT2 

PTV 14.68 14.59 20.32 20.32 

Brainstem 26.24 26.34 4.19 4.02 

Eye, left  10.02 9.82 4.24 3.95 

Eye, right 9.29 9.24 0.l2  0.12 

Chiasm 0.22 0.19 2.58 1.68 

Optic Nerve, left  0.96 0.90 0.51 0.44 

Optic Nerve, right 0.97 0.91 0.99 0.67 
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          "F-MRI: a method to assess therapy-induced cognitive impairment?”
                                                                      B. Walter

                                     Department of Radiology, Ludwig-Maximilian-University, Munich-Großhadern, Germany

 

Abstract: Cognitive impairment belongs to the most
disturbing therapy-associated side effects. Some medical
applications are suspected to reduce mental abilities.
Disputed in extent and distribution pattern the main
problem, however, relies on the proof to determine the
modality changed in the neuronal network.
Neuropsychological tests have till now mainly shown
insufficiency to define the pathogenetical origin.
BOLD f-MRI is an imaging procedure reflecting neuronal
activity and assessing it spatially. The correlation of
cerebral blood flow with metabolism and oxygen
consumption of the underlying brain tissue states the
main mechanism by a functional unit being the base of
BOLD f-MRI.     
F-MRI could be applied as follow up control for therapy-
induced mental deficits. 

Key words: f MRI, cognitive impairment, radiation, dementia,
brain tissue, iatrogenic side-effects, neuropsychiatric tests.

 

I. Introduction:

In the last decades many therapeutic guide-lines have been
developed to treat the different cancerous diseases adequately
and according common international standards. Radiotherapy,
chemotherapy and surgery form the substantial components of
modern oncology. But in spite of many successes and
progresses the results for some tumour entities are not
satisfying. It is important to consider this context by
evaluating the therapy-induced negative influences with a
wished and possible therapy aim. Each indication of
therapeutic applications bases on a calculable effect, which,
of course, can be differently defined, but must be always
correlated with the aspect of responsibility. Several times in
the past alarming reports have been published describing
partly severe decline of personal performance after certain
chemotherapies and cerebral radiotherapy leading to
controversial disputes [1-5]. The different meanings also
depend on the neurological tests being performed. Mainly a
comprehensive aetiology was regarded to be responsible for
those mental disorders due to all therapeutic measurements
with  or without tumour progression [6-12]. But the concrete
mechanism of damage profile, the tissue distribution and the
intellectual focus could not be assessed. Some authors have
also criticised the tendencies of the last years to concentrate
the therapeutic focus only on pure survival rates (counted in
months) without adequate respect for life quality of the
individual patient [13-17]. For years also WHO supports the
principles  of a balance between symptom control and the
therapeutic side effects. Additionally there are not evidence
based dates and scientific criteria to characterize the grade and
kind of therapy-induced dysfunction. Only children studies
show standardised statistics of negative developments. All
their results have been successfully transformed into
corrections of therapy regimes [18-21].

II. Methods / Materials:

 General background:

The fundamental sensitivity of the synaptic and vascular
systems in relation to chemotherapy and radiation influences,
however, is well known and proved by physical and
biochemical experiments as well as by in vitro and genetic

investigations [22-24]. Especially the increase of cerebral
metastases due to longer survival time has evoked some new
ethical questions in the tension field of palliative care and
therapy-associated side effects.
On condition that a correct indication exists there is in fact no
real possibility to avoid the necessary treatment. Refusal
definitively shortens life time, the application, however, may
produce mental deficits. The comprehensive problem would be
irresponsibly simplified, if we accept the therapy-induced
impairments without care for compensation strategies. Up to
now enormous difficulties have been noticed to objectify the
cognitive limitations individually and to assess an adequate
procedure to reduce them. Mental test performances have not
been successful as indicators to define the underlying cerebral
structures exactly [25-27]. Also the personal reports of the
patients could not open the functional background of their felt
mental deficits.

 Neuronal network:

Cognition defined as function is multiply composed and
variably represented by neuronal populations and by synaptic
connections [28, 29].The substrate of neuronal communication
bases on quick processing procedures of information flow.
Multiple synaptic contacts state a dense network of different
neuronal communities. Mainly the axons are covered with
myelin sheaths functioning as electric isolation. Depolarisation
and the production of electric activity can only occur in
particular axonal positions (without myelin sheaths) and
organized by specialized equipment responsible for the
energetic transfer. The interneuronal communication uses the
synaptic connections by releasing neurotransmitter stimulating
the receptors of the postsynaptic membrane. Conformation
changes of molecular structures result in a new onset of electric
signals. Such a mechanism bases on the physiological milieu of
present concentrations of ions in a watery environment.
Correctly operating these microstructures guaranty the
physiological brain function. The cognitive capacities combine
conscious and non-conscious elements by which sense,
impressions and informations are filtered, collected and
evaluated. Especially the procedure of memory consolidation
needs a special set of pathways and circuits.

 Principles of Functional MRI:

F-MRT is generally regarded to visualize neurological processes
and their participated brain function in real time. Brain activity
is associated with local changes of metabolism, glucose and
oxygen consumption [30]. Particularly the presynaptic activity
produces a high demand for energy support. The location of
elevated neuronal activity is also consistent with the spatial
increase of cerebral blood flow (CBF) [31]. The vascular
response to functional activation is known to be age-dependent.
Also drugs can modulate the vascular supply.
BOLD f-MRI is especially sensitive to detect small neuronal
organisations or neuronal connections in smallest cerebral
regions [32]. The so-called BOLD effect relies on changes in
the microscopical magnetic fields surrounding the red blood
cells. When the erythrocytes become deoxygenated after the
release of oxygen they transform to paramagnetic properties
detectable by MRI-technique. After the start of brain activity the
raise of CBF is larger than the immediate oxygen consumption,
because of the mechanism of vascular autoregulation for the
cerebral vessels. Therefore the hemoglobin concentration is
locally elevated, while the concentration of deoxyhemoglobin
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drops. Areas with transiently decreased density of
deoxyhemoglobin reflect the positions of actual neuronal
activity. The alterations in the ratio between oxyhemoglobin
and deoxyhemoglobin provide a signal difference accessible
by BOLD-MRI .

III. Conclusions:

The strong correlation allows standardized examinations of
patient groups to define objective features of therapy-
associated influences on brain function. The quantification
will show an exact pattern of neuronal disorders by comparing
the images before and after therapy. Combined with the
clinical findings a general manual of typical side effects can be
elaborated. Afterwards prophylactic and supportive medical
measures could be part of therapy regimes to impede or
modulate the known intellectual impairments. The necessity
for further f-MRI controls could be limited to those with
treatment resistance.

It is an impressing example how scientific theory could
directly “inspire” medical practice.
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Abstract— Hyogo Ion Beam Medical Center (HIBMC) is the 
world’s only facility to provide both proton and carbon-ion 
radiotherapy. Based on the characteristic, HIBMC conduct 
and investigate many comparative studies between proton 
radiotherapy and carbon-ion radiotherapy. In several com-
parative studies, we have the problem whether there are dif-
ferences between proton and carbon-ion radiotherapy. We 
aimed to compare and clear cell biological effects in related to 
good clinical results in synchrotron-proton and carbon-ion 
beam, using radiological, cell biological and molecular biologi-
cal approach. We mainly examined effects using human sali-
vary gland cancer (HSG cells). Cells were irradiated from 2 to 
6 points in each experiment along a 150 MeV, a 320 MeV car-
bon-ion and a linac 4MV X-ray. We examined cell viability 
and relative biological effectiveness (RBE) by colony formation 
assay and CCK-8 colorimetric assay. A linac 4MV X-ray was 
used as a reference. RBE values calculated from cell survival 
curve for proton in HSG cells at the dose that would reduce 
cell survival to 10% (D10) were 1.10 by colony formation 
assay and 1.29 by CCK-8 colorimetric assay. RBE values at a 
D10 for carbon-ion in HSG cells were 1.96 by colony formation 
assay and 1.90 by CCK-8 colorimetric assay. These results 
suggest that proton beam have greater deficiency on CCK-8 
colorimetric reaction than cell growth process. We thought the 
problem in clinical particle therapy could be partly explained 
by the difference in the deficiency. Furthere, we examined 
DNA breaks by expression in phosphorylated protein of his-
tone H2AX and generation of Reactive oxygen Species. We 
reported the effective results of synchrotron-proton and car-
bon-ion. 

Keywords— synchrotron-proton, synchrotron-carbon-ion, X-
ray, cell biology. 

I. INTRODUCTION  

Hyogo Ion Beam Medical Center (HIBMC) is the 
world’s only facility to provide both proton and carbon-ion 
radiotherapy. Based on the characteristic, HIBMC conduct 
and investigate many comparative studies between proton 
radiotherapy and carbon-ion radiotherapy. In several com-
parative studies, we have the problem whether there are 
differences between proton and carbon-ion radiotherapy. 

HIBMC have already published as preclinical cell biologi-
cal assessment of proton and carbon ion beams (1). So. We 
aimed to developing compare and clear cell biological ef-
fects in related to good clinical results in synchrotron-proton 
and carbon-ion beam, using radiological, cell biological and 
molecular biological approach. 

II. MATERIALS AND METHOD 

A. Cell Culture 

Human salivary gland cancer (HSG)cells were maintained 
in Eagle’s minimum essential medium (Sigma-Aldrich Co., 
Irvine, CA) supplemented with 10% FBS (heat inactivated, 
Hyclone, Logan, UT) and 1  antibiotics [100 U/ml penicil-
lin, 100 μg/ml streptomycin, all from Invitrogen (Carlsbad, 
CA)] at 37°C in a humidified atmosphere incubator contain-
ing 5% CO2. 
 
B. Proton, carbon-ion beams and referentialX-ray 
irradiation  

On a day after plating, cells were irradiated, respectively. 
The beam energies of protons and carbon-ion are 150 Me-
Vand 320 MeV at HIMC synchrotron. A 4 MV X-ray  beam 
generated by our clinical linear accelerator was used as a 
referential photon beam to calculate biologic RBE values. 
The irradiation depth was controlled by changing the thick-
ness of water-equivalent material put in front of the cell 
culture flasks. The flasks were mounted on a remotecon-
trolled sample changer (Sanki Kogyo Inc., Chiba, Japan) 
standing vertically to face a horizontal beam line. The cells 
were irradiated as attached to the flask wall and the entire 
flask was encompassed by a 15 cm irradiation field. The 
wall of a plastic flask was calculated as 1 mm water. While 
irradiated, the flasks were not filled up with culture media 
based on the findings in our preparatory experiments. Pro-
ton and carbon ion beams did not affect measurement by a 
0.6 cm3 ionization chamber placed at the point of biologic 
samples regardless of the thickness of surrounding watere-
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quivalent material. 
 
C. Colony formation assay and calculation of surviving 
fractions 

HSG cells raised to   1  106 cells per 25 cm2 plastic flask 
were irradiated at four points along proton and carbon ion 
SOBP beams. Cells were irradiated by seven steps of physi-
cal doses at each point and at a calibration point of X4. At 
least three independent experiments were performed at all 
irradiation points. 
Irradiated cells were immediately trypsinized, harvested, 
counted, and diluted to plate onto triplicate 60-mm-diameter 
plastic dishes aiming for 80 to 100 colonies per dish for 
cell-survival assays. After 13 days’ incubation, colonies 
were fixed by 10% formalin solution and stained by 1% 
methylene blue solution. Any colony consisting of more 
than 50 cells was counted as a surviving colony. The num-
ber of colonies at each dose point was decided as an average 
of triplicate plates. Surviving fractions against physical 
doses were plotted and fitted to surviving curves using the 
linear-quadratic (LQ) model of previous report [1]. 
 
D. CCK-8 colorimetric Assay 

Cells were plated at 1  105cells per well in a 24-well plate 
and incubated for one day at 37°C in a CO2 incubator. Cell 
viability was measured Cell Counting Kit-8 (Dojindo Mo-
lecular Tech, Kumamoto, Japan), using [2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium, monosodium salt] at 450 nm using a microplate 
reader (Lab system, Multiscan MS) [2]. Each condition was 
tested in quadruplicate, the mean ± SD was calculated, and 
the fold induction compared to the control cells was deter-
mined. 

III. RESULTS 

A. Survival curves and cell RBE values of HSG cells  

Cell survival curves of X-ray, proton and carbon-ion by 
colony formation assay and CCK-8 colorimetric assay are 
summarized in Figure 1 and 2.  The average and 1SD of cell 
RBE values at a D10 dose level (cell RBE10) obtained from 
four independent experiments were 1.10 for proton and 2.09 
for carbon-ion by colony formation assay. The average and 
1SD of cell RBE10 obtained from four independent experi-
ments were 1.29 for proton and 1.90 for carbon ion by 
CCK-8 colorimetric assay. There was little difference in 
RBE value of carbon-ion between colony formation assay 
and CCK-8 colorimetric assay. In contrast, a RBE value of 

proton in CCK-8 colorimetric assay was bigger than that in 
colony formation assay. These results suggest that proton 
beam have greater deficiency on CCK-8 colorimetric reac-
tion than cell growth process. 
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Fig. 1  Cell survival curves of X-ray, proton and carbon-ion beam by 
colony formation assay.  

Each curve represents averaged four independent experiments with 
1SD error bars. 

 
 

0.01

0.1

1

0 2 4 6 8 10

X-ray

Proton

Carbon-ion

Su
rv

iv
in

g 
Fr

ac
tio

n

Dose (Gy)  
Fig. 2  Cell survival curves of X-ray, proton and carbon-ion beam by 
CCK-8 colorimetric assay.  

Each curve represents averaged four independent experiments with 
1SD error bars. 
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IV. DISCUSSION

Here we investigated the cell biological effect in related 
to good clinical results in proton and carbon-ion beam. The 
distinct effect in proton beam was observed that proton
irradiation have greater deficiency on CCK-8 colorimetric
reaction than cell growth process compared to carbon-ion 
irradiation. CCK-8 colorimetric reaction is induced by in-
tracellular dehydrogenase catalyzing the reductive reaction 
[2]. Proton beam irradiation induced the deficiency of de-
hydrogenase. Proton beam have greater damage on gene
level of dehydrogenase. The dehydrogenase have various
type (e.g. alcohol dehydrogenase, lactate dehydrogenase ).
Proton beam have greater change on various gene level and
properties of cell. So cells irradiated Proton beam are
thought to show various abnormalities, to be finally led to
cell death. In vivo, also cells irradiated Proton beam are
thought to die, to be eliminated by immune system.

Furthere, We compare and clear cell biological effects in 
related to good clinical results in synchrotron-proton and
carbon-ion beam with laser-driven proton and X-ray, using

various cell biological approachs. We examined DNA
breaks by expression in phosphorylated protein of histone
H2AX and generation of Reactive oxygen Species. 

V. CONCLUSION

We thought the problem in clinical particle therapy could
be partly explained by the difference in colony formation
assay and CCK-8 colorimetric assay. 
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Abstract—Proton computed tomography has been suggested 
as a means for maximizing the potential benefits of proton 
radiation therapy. By measuring individual proton energy 
losses after traversing an object and predicting paths of maxi-
mum likelihood through the image space, relative stopping 
power maps can be generated for treatment planning and 
image guidance. However, the processes of proton interaction 
with the imaged object lead to a number of challenges in the 
image reconstruction procedure. In this work we describe our 
approach to obtaining accurate relative stopping power maps 
in the shortest amount of time. 

Keywords—proton computed tomography, relative stopping 
power, block-iterative projection. 

I. INTRODUCTION  

The majority of current proton treatment centers use pen-
cil beam algorithms for treatment planning, due to their 
computational efficiency. In this approach, a dose deposi-
tion model based on experimentally measured depth dose 
curves in water is convolved with a 3D map of relative 
stopping powers [1]. Currently, the relative stopping powers 
are obtained by converting X-ray CT Hounsfield units via 
an empirically derived calibration curve [2],[3]. This con-
version can lead to errors in the estimated proton range 
during treatment, however [4]. 

Proton CT (pCT) offers the possibility of directly obtain-
ing relative stopping powers from proton energy loss meas-
urements, removing the errors associated with the Houns-
field conversion methods. In one of the current generation 
pCT designs [5], individual protons are tracked pre- and 
post-patient with 2D sensitive silicon strip detectors (SSDs), 
providing information about proton position and direction at 
the boundaries of the image space. This allows the effects of 
multiple Coulomb scattering within the object to be ac-
counted for in a most likely path (MLP) estimation [6],[7]. 

In addition to tracking the position of individual protons, 
the energy lost by each proton after traversal of the image 
space is recorded. Using these measurements, one can cal-
culate either the path integral of relative electron density of 
a water equivalent object [5], i.e., an object of water compo-
sition but varying electron density that produces the same 

energy loss as the real object, or the integral of relative 
stopping power along each proton path. In this study we 
calculated the latter with Eq. 1. 
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In Eq. 1, Ein and Eout are the measured entry and exit proton 
energies at the image space boundaries respectively, ρs is 
the stopping power relative to water at spatial location r, 
and L is the estimated proton path through the image space. 
The stopping power in water S(Iwater,E) is given by the Be-
the-Bloch equation (Eq. 2). 
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Here, re is the classical electron radius, me is the mass of the 
electron, Ne,water is the electron density of water, β is the 
velocity of the proton relative to the speed of light c, and 
Iwater is the mean excitation energy of water. By recording 
many line integrals from different projection angles, three-
dimensional relative stopping power maps of the patient can 
be generated. 

Iterative projection methods, e.g., the algebraic recon-
struction technique (ART) [8], have been demonstrated as 
the preferred way of accommodating the nonlinear proton 
paths [7]. Such methods are based on solving a system of 
equations of the form 

bAx = ,                                      (3) 

where A is an n×m matrix whose elements ai
j correspond to 

the length of intersection (chord length) of the i-th proton 
history’s path with the j-th voxel, x is the unknown m-
dimensional relative stopping power image vector, and b is 
the n-dimensional vector, whose elements bi correspond to 
the integral relative stopping power along the i-th proton 
path derived from the energy loss measurements (Eq. 1). 

In GEANT4 simulations of a head phantom, we have ob-
served that when the chord lengths are set at a constant 
value, equal to the pixel size, the reconstructed images sys-
tematically underestimated the actual relative stopping 
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power of the imaged object by up to 13%. This would limit 
the usefulness of pCT-generated quantitative stopping 
power maps in treatment planning calculations. 

Another challenge of clinical pCT is that very fast image 
reconstruction is required. ART carries out image updates 
sequentially after each proton history and is therefore inher-
ently serial, meaning that the speed of the reconstruction is 
dependent on the speed of the computer processing unit. 
Considering the huge number of collected proton histories, 
which is of the order of 108 for a head-size object, recon-
structions with ART are on the order of hours, even with the 
fastest processing units. Such long reconstruction times 
would exclude the usefulness of pCT for image guidance in 
the treatment room. 

With the development of parallel computing, work has 
been dedicated to developing iterative projection algorithms 
that can be executed in parallel over multiple processors to 
enable fast algebraic reconstructions. We have previously 
shown [10] that the method of diagonally relaxed orthogo-
nal projections (DROP) [9], which is parallelizable, re-
quired less iteration than ART to produce optimal images. 
However, these results were produced under the assumption 
of constant chord lengths as described above. 

In this work we describe a method for calculating a vari-
able mean chord length factor for Eq. 3 that depends on the 
angle of the proton beam relative to the reconstruction grid, 
and demonstrate how this improves the accuracy of quanti-
tative pCT. Also, the performance of the DROP method in 
comparison to ART, with the variable mean chord length 
factor, is investigated. 

II. METHODS AND MATERIALS 

A. Effective Mean Chord Length 

Our previous approach to pCT reconstruction has been to 
calculate the MLP of each proton based on entry and exit 
information and to determine which pixels are intersected. 
The elements of A in Eq. 3 belonging to these pixels were 
then assigned a constant chord length, while the elements 
corresponding to non-intersected pixels were assigned a 
value of zero. 

To obtain a more accurate mean chord length that varies 
with beam rotation angle, a computer program generating a 
large number of random straight-line chords was created. A 
conceptual illustration of this process is shown in Fig. 1, 
where two extreme cases of proton path orientation relative 
to the pixel are considered (0 and 45 degrees). 

Mean chord lengths were determined for pixel rotation 
angles from 0-89 degrees in 1 degree increments, corre-
sponding to the orientation of the multiple projection angles 
with respect to the fixed image reconstruction grid. From a  
 

  
Fig. 1 Schematic of the program created to calculate the effective mean 
chord length of a line parallel to the u-axis and a rotated pixel 

randomly selected initial step-point (see Fig. 1), half pixel 
step lengths were used to determine if step-points on a 
chord line parallel to the u-axis, with random t intersection 
would fall within the pixel boundaries. Note that each line 
intersected the pixel to some degree. If a step-point was 
within the pixel boundaries, the chord length was stored in a 
“detected” variable and if it was outside the pixel bounda-
ries, the chord length was stored in a “undetected” variable. 

For each pixel rotation angle, a total of 100,000 chord 
lines were generated and a mean chord length was calcu-
lated for both the detected and undetected fractions of 
chords. An effective mean chord length was then defined as 
follows (Eq. 4):  

undetundetdeteff lpll +=                          
(4) 

Here ldet and lundet are the mean chord lengths of  detected 
and undetected lines, respectively, and pundet is the fraction 
of lines that went undetected. The function of effective 
mean chord length versus pixel rotation angle was approxi-
mated by fitting a 4th degree polynomial to the data. 

B. GEANT4 Simulation and Reconstruction with ART 

 
Fig. 2 Geometry of the GEANT4 proton CT simulation 
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To test the application of this effective mean chord 
length concept to quantitative pCT image reconstruction, a 
Monte Carlo radiation transport simulation of a pCT system 
was created (Fig. 2) using the GEANT4 toolkit [11]. Four 
30×30 cm2 2D sensitive silicon tracking planes were as-
signed a spatial resolution of 100 μm. The energy detector 
was simulated as a cesium iodide rectangular prism with 
perfect energy resolution. 

A cylindrical head phantom with an elliptic cross-section 
(see Fig. 3a), based on the phantom of Herman [12], was 
positioned at the center of the imaging system. The bone 
and brain regions were assigned the chemical composition 
given by ICRP Report 23 [13]. The ventricular regions, 
corresponding to cerebro-spinal fluid, were assigned the 
chemical composition of water. The true relative stopping 
power of the different regions was calculated with Eq. 5. 
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Here, ηe,m and Im are the electron density relative to water 
and mean excitation energy of the region material, respec-
tively. The fraction in the integral varies only slowly with 
energy above 10 MeV, so an average over the energy range 
ΔE = 200-10 MeV was taken. 

A 2D parallel beam of 200 MeV protons was used as 
primary particles with the first 20,000 proton histories to 
traverse the system and deposit energy in the CsI scintillator 
in each projection angle being recorded. A total of 180 
projection angles at 2 degree intervals were carried out. 

The GEANT4 standard model for hadronic ionization 
was implemented with dE/dx values being calculated in 
2000 bins ranging from 1 keV to 500 MeV. Elastic and 
inelastic nuclear collisions were also enabled. 

Images of the Herman head phantom were reconstructed 
(i.e., iteratively finding a solution to Eq. 3) with ART (Eq. 
6). Here, k is the iteration index, xk and xk+1 are the current 
and updated image estimates respectively, ai is the i-th row 
vector of A, bi is as described above, and λ is a user deter-
mined relaxation parameter. 
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For one complete cycle of reconstruction, the index i runs 
from 1 to m, the number of proton histories in the data set. 

C. Reconstruction with a Block-Iterative Algorithm 

The block-iterative DROP algorithm [9] is given in Eq. 
7. Here, j is the pixel index, Bt is the set of proton histories 

assigned to the t-th block, τj is the number of proton  
histories found to intersect the j-th pixel in block t, and all 
other variables are as described above. The inner summa-
tion term on the right hand side of Eq. 7 allows for parallel 
computations. 
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Reconstructions were done with the same projection data as 
in Section II B, with the data subdivided into 60 equal 
blocks. The relative error (Eq. 8) of the reconstructed image 
after each cycle was calculated and used as a means of im-
age quality evaluation. Here, x’j is the phantom relative 
stopping power in pixel j and xk

j is the reconstructed relative 
stopping power after k cycles in pixel j. 

∑∑ −=
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jjk xxx '' /ε

                           
(8) 

III. RESULTS 

A. Relative Stopping Power Reconstruction 

The GEANT4 pCT simulation data was reconstructed us-
ing the effective mean chord length defined in Eq (4) and 
also with the chord length set to a constant value equal to 
the pixel size. Images reconstructed up until the 10th cycle 
through the data were recorded. The optimal image for each 
approach within 10 cycles, in terms of relative error (Eq. 8), 
is shown in Fig. 3. 

 
  a)         b)            c) 

Fig. 3 Head phantom and the images reconstructed with ART. a) Phantom, 
b) constant chord length and c) effective mean chord length 

Histograms of the pixel values within the bone and brain 
regions were generated. Table 1 contains the results of 
Gaussian fits to the histogram plots. The mean brain  
reconstructed value lies within 0.15% of the phantom value 
and the mean bone reconstructed value within 0.7% when 
the effective mean chord length is used. This compares 
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favorably to the corresponding values of 10% and 11% 
when a constant chord length is used. 

Table 1 Results of Gaussian fit to bone and brain region histograms 

Phantom Constant Chord Length Mean Chord Length 
Region 

ρs mean σ mean σ 
Brain 1.0315 0.928±0.001 0.0524 1.033±0.001 0.025 
Bone 1.4613 1.307±0.002 0.0527 1.471±0.001 0.033 

B. Block-Iterative Performance 

Figure 4 illustrates the relative error (Eq. 8) as a function 
of cycle number for the ART and DROP algorithms when 
employing the effective mean chord length factor. DROP 
reached an optimal image after only 4 cycles through the 
data while ART required 8 cycles. Work is currently being 
undertaken to execute DROP on general purpose graphical 
processing units (GPGPU’s). Preliminary results suggest 
that the combination of the parallelizable algorithm and the 
GPGPU hardware will allow for reconstruction of these 
pCT images in less than 10 minutes. 

 
Fig. 4 Relative error of reconstructed images as a function of cycle number 
for ART and DROP using effective mean chord length factor 

IV. CONCLUSIONS 

Proton computed tomography is an imaging modality 
that can directly provide the data required for proton treat-
ment planning. We have described a method that incorpo-
rates projection angle-dependent pixel chord lengths in  
the iterative reconstruction process. This led to more accu-
rate quantitative reconstructed images. Also, we have  

demonstrated that employing this approach in a block-
iterative reconstruction algorithm (DROP) results in a 
smaller image error and faster convergence in comparison 
to the classic ART algorithm. This should lead to pCT im-
ages being reconstructed in clinically relevant time frames. 
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Abstract  The 3D laser surface scanning system GALAXY 
(LAP, Germany) can be used to set up patients in the treat-
ment room. The accuracy of this system was analyzed. A 
dummy was used to simulate a radiation target in the pelvic 
region. The initial setup of the dummy on the treatment table 
was used to create a reference surface scan. After this the 
couch  position of the treatment machine was changed (ver-
tical, lateral, longitudinal). Within a wide range (vertical: [- 13 
cm, 19 cm], lateral: [-15 cm, 12 cm], longitudinal: [-13 cm, 15 
cm]) the shift of the dummy was measured accurately. As a 
result the GALAXY is a useful tool for fast and accurate pa-
tient setup. 

Keywords  Laser surface scanning system, patient setup, 
patient positioning, GALAXY. 

I. INTRODUCTION  

The most important goals of conformal radiotherapy are 
to give a high dose to the tumor and to protect normal tissue 
structures from radiation damage. For this reason the pa-
tients have to be set up at the treatment machine exactly in 
the position that was used for treatment planning. Because 
of this patient positioning plays an important role in radia-
tion oncology. The setup has to be precise and reproducible 
for each fraction of the treatment course. 

Usually the position of the isocenter is marked on the pa-
tient  skin. These reference marks are aligned to the laser 
lines inside the treatment room. Very often human observ-
ers are needed to decide how much the patient has to be 
shifted until he or she is in his or her treatment position. The 
alignment procedure may be a time consuming and difficult 
process as there are many degrees of freedom (X, Y, Z, 
rotation, roll, pitch).  

Several approaches are described in literature to scan the 
patient  surface [1-8]. The 3D laser surface scanning sys-
tem GALAXY (LAP, Germany) described in this article 
was build to support patients  setup at the treatment ma-
chine and to monitor their position while the radiation is 
applied [7, 8]. i-
tion was analyzed. 

II. MATERIALS AND METHODS 

A. Materials 

The 3D laser surface scanning system GALAXY is 
shown in Fig. 1. It consists of a laser line that sweeps above 
the patient s surface and a camera that monitors the laser 
line. Laser and camera are mounted in one cabinet that is 
attached to the ceiling of the treatment room. 

 

 

Fig. 1 LAP GALAXY mounted in the treatment room 

The volume to be scanned is roughly about 670 mm * 
950 mm * 490 mm ( X * Y * Z after IEC; data from LAP). 
The volume that can be seen by the camera may be limited 
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by the gantry of the treatment machine so that the volume to
be scanned depends on the individual mounting in the
treatment room. The laser line sweeps within a few seconds
above e-

used to calculate a 3D surface of the object being scanned.
According to LAP the reproducibility of a measurement

n-
ter is within +/- 50 mm the system should be able to calcu-
late the actual position of the patient.

The GALAXY is controlled by a computer inside the
treatment room. Via network a second computer at the con-
sole of the treatment machine can be used control the
GALAXY system.

The software of the GALAXY system can be used as a
stand alone system. In this case an initial scan of the pa-
tients in their treatment positions are required. All further
measurements can be referred to these positions. The refer-
ence scan can be repeated at any time. The GALAXY sys-
tem can be connected to the treatment planning system as
well. In
during treatment planning, can be transferred (DICOM/RT)
and used as the reference position. All data is stored on the
GALAXY control computer and can be archived or re-
trieved from an archive.

Fig. 2 GALAXY software; good alignment

The reference surface is shown in green; the surface ac-
tually measured is displayed in blue color. Fig. 2 shows a
scan where reference surface and actual scan are in very
good alignment. The coordinates of the couch can be en-
tered so that the system can calculated the shift needed to
match reference surface and measured surface (Fig. 3). The

software calculates the following shifts which may be re-
quired:

 Lateral
 Longitudinal
 Vertical
 Rotation
 Roll
 Pitch

The 3D graphics model displayed can be rotated to any
position required.

Fig. 3 GALAXY software; shift of the patient needed

The GALAXY system can be calibrated using a specific
phantom shown in Fig. 4. Usually the calibration is done
only once a day.

Fig. 4 GALAXY calibration phantom
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B. Methods

The measuring accuracy of the GALAXY system was
determined with a dummy (female body) which was posi-
tioned on the treatment couch of a Siemens Primus linear
accelerator. An arbitrary isocenter position was marked on
the dummy in the pelvic region. The GALAXY system was
used in the stand alone mode. A reference scan of the dum-
my was acquired this isocenter position. Afterwards the
treatment couch was moved away form the reference posi-
tion. The shift between reference the position an actual
position was measured using the GALAXY system.

Each scan was repeated three times. The couch was
shifted in one coordinate only form -25 cm to 25 cm in steps
of 1 cm. These shifts were done for table height, longitudin-
al position, and lateral position.

III. RESULTS

The results of the measurements are shown in Fig. 5, Fig.
6, and Fig. 7:

Vertical table shift
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Fig. 5 Vertical shift of the couch

The vertical table shift (Fig. 5) was measured correctly
within [ 13 cm, +19 cm]. The corresponding coordinates
(lateral position, longitudinal position, rotation, roll, pitch)
were also calculated correctly inside the interval [-10 cm,
+16 cm] (lat. = 0 +/-2 mm, long. = 0 +/- 2 mm, rot. / roll /
pitch = 0 +/- 1°). Outside this interval the values measured
showed no good correlation with the original table position.

Longitudinal table shift
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Fig. 6 Longitudinal shift of the couch

The longitudinal table shift (Fig. 6) was measured cor-
rectly within [ 13 cm, +15 cm]. The corresponding coordi-
nates (lateral position, vertical position, rotation, roll, pitch)
were also calculated correctly inside the interval [-12 cm,
+13 cm] (lat. = 0 +/-2 mm, vert. = 0 +/- 1 mm, rot. / roll /
pitch = 0 +/- 1°). Outside this interval the values measured
showed no good correlation with the original table position.

Lateral table shift
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Fig. 7 Lateral shift of the couch

Finally the lateral table shift (Fig. 7) was measured cor-
rectly within [ 15 cm, +12 cm]. The corresponding coordi-
nates (longitudinal position, vertical position, rotation, roll,
pitch) were also calculated correctly within this interval (lat.
= 0 +/-1 mm, vert. = 0 +/- 1 mm, rot. / roll / pitch = 0 +/-
1°). Outside the interval the values measured showed no
good correlation with the original table position.
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IV. DISCUSSION AND CONCLUSION 

All measurements were done for a rigid, non living ob-
ject. Measurements with living patients may show slightly 
different results. Also the part of the surface which is visible 
by the GALAXY system depends on the tumor site. E.g. the 
head and neck region can be shadowed by big breasts. But 
the more of the surface is visible the better are the results. 

The GALAXY system works pretty will within a wide 
range exceeding the  specified range. So far 
skin marks are still needed to set up a patient correctly. But 
all the fine tuning can be done by the GALAXY system. 

- 10 cm 
close to the desired position the GALAXY system should 
be able to calculate the correct translation to shift the patient 
in the treatment position needed. 

Other anatomical regions are being analyzed with the 
GALAXY system to find out whether the system is also 
working with the same accuracy that could be seen in the 
pelvic region. 

In general the GALAXY system is also very useful when 
using an image guided treatment course. In many scenarios 
patients are only scanned before the treatment starts but the 

applied. The GALAXY system may help to monitor the 
patients during all the treatment time. With a specific fast 
scanning mode (not discussed in this article) movements of 
the patients can be monitored nearly online.  
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Abstract—Treatment optimization based on positron emis-
sion tomography (PET) images of tumor hypoxia has been 
proposed as a method to improve the cure rates in radiother-
apy through the increased dose delivery to tumor regions with 
increased radioresistance. One of the major advantages of PET 
imaging of hypoxia is that it can provide information on both 
the extent and the spatial distribution of the resistant regions. 
One of the key issues for the practical implementation of this 
approach is the accurate conversion of the intensities in the 
recorded images into radiosensitivity maps that could then be 
used for dose escalation. The present paper explores the influ-
ence of the conversion from uptake to prescribed doses. Trans-
formation functions derived from the uptake properties of the 
PET tracers were taken into consideration. The results have 
shown that the available tracers have different uptake proper-
ties and therefore they could interpret differently the gradients 
in the images which in turn would lead to different dose pre-
dictions. Best results in terms of dose prescription would there-
fore be achieved by carefully taking into account the uptake 
characteristics of the imaged tracers. Linear approximations 
could lead to unnecessary overestimations of the doses for 
cases of partial hypoxia in tumors. This highlights the need for 
more experimental studies of the uptake properties of PET 
tracers proposed to image tissue hypoxia. These would eventu-
ally provide more reliable methods for dose prescription that 
could be used with optimization algorithms for the successful 
individualization of radiation therapy. 

Keywords—hypoxia, treatment optimization, PET imaging. 

I.   INTRODUCTION  

Tumor heterogeneity is strongly influencing the optimal 
dose delivery [1-3]. General radiation resistance imaging 
using the BioArt approach may be a powerful way to im-
prove therapy [4,5]. Tissue hypoxia is known to increase the 
radioresistance and promote a more aggressive malignant 
phenotype making it an important therapeutic problem for the 
treatment of cancer [6,7]. Analyses of clinical data have 
shown that tumor hypoxia has negative influences in a sig-
nificant fraction of patients who could therefore benefit from 
treatment approaches dedicated to counteract its effects [8]. 

Measurement methods have consequently been devel-
oped to quantify the amount of tumor hypoxia aiming to use 

their results for the selection of patients who would benefit 
from anti-hypoxic approaches. Among these, imaging 
methods like positron emission tomography (PET) with 
dedicated tracers that have selective retention in the hypoxic 
cells could provide useful information on the localization 
and severity of the hypoxic areas. These methods are quite 
promising for optimization approaches that use an escala-
tion of the doses prescribed to the hypoxic subregions that 
could be identified in images of the target. Several dose 
modification algorithms have been proposed ranging from 
empirical escalation of doses [9-12] or dose redistributions 
[13-15] to prescription of  doses taking into account the 
dynamics of the recorded images or the uptake properties of 
the hypoxic markers [4,16]. 

A relevant question for all these algorithms is whether 
the prescribed doses are suited to the radioresistance of the 
hypoxic cells. Thus, if the prescribed dose is not large 
enough to counteract the hypoxic radioresistance, the 
method might fail to bring the expected results in a clinical 
setting. At the other end of the spectrum is the prescription 
of larger doses that might lead to an increase of the dose 
burden for the normal tissues around the target and conse-
quently to an increase in the complication rates of the  
treat-ment. 

The present paper aims to study the impact of the conver-
sion functions onto the dose prescriptions investigating 
several relationships that could be derived from the uptake 
properties of PET tracers. 

II.   MATERIALS AND METHODS 

Most PET investigations are performed with bioreductive 
markers that have selective retention in the hypoxic cells 
according to the inhibition of the chemical reaction of me-
tabolizing the tracer in the presence of oxygen. This results 
in a variation of the uptake rate of the tracer according to 
the local tissue oxygenation which will eventually deter-
mine the signal intensities in the PET images. Thus, conver-
sion functions for the intensities in the PET images could be 
obtained by fitting experimental data of the tracer uptake in 
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hypoxic conditions with equations describing the inhibition 
of chemical reactions (equation 1). 

2

2

pOC
pOBAUptake

+
⋅−=

                            
(1) 

where pO2 is the local oxygen tension and A, B and C are 
reaction-specific parameters. 

Experimental data on tracer uptake have been found in 
the literature for fluoromisonidazole (FMISO) and fluoroet-
anidazole (FETA) [17,18]. Fits of experimental data were 
combined with the equation describing the modification of 
radioresistance according to the local oxygen tension pro-
posed by Alper and Howard-Flanders [19] (equation 2) to 
obtain an objective relationship between uptake values in 
images and the dose modification factors needed to counter-
act the radioresistance of the cells. 
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where DMS is the dose modifying factor, OERmax is the 
maximum effect that is achieved in the absence of oxygen, k 
is a reaction constant and pO2 is the local oxygen tension. 

A simplification for the image conversion is to assume 
that the dose modifying factors needed for dose prescrip-
tions depend linearly on the intensities in the recorded im-
ages. Such conversions neglect the uptake properties of the 
tracer and could be easily adapted to the tracer uptake data 
in the PET images. From this point of view linear conver-
sions might appear quite appealing for dose escalation ap-
proaches. 

 
Fig. 1 Simulated PET image of a patient. The CTV (yellow), GTV (pink) 
and the hypoxic core (white) are contoured 

The implications for dose prescriptions of the various 
conversion functions were investigated with the help of 
simulated PET images showing biologically relevant uptake 

levels and gradients like the one shown in Figure 1.  
The images were used to calculate the target doses required 
to achieve a given level for local control. Biologically-
relevant parameters were used for the calculations: the tu-
mor contained 108 cells with an SF2 of 0.5 in fully oxic 
conditions [20]. 

III.   RESULTS 

Figure 2 shows uptake curves that were obtained from 
fitting experimental determinations of uptake rates in hy-
poxic conditions for markers proposed to image tumor hy-
poxia with PET. For ease of comparison, the curves were 
normalized to an oxygen tension of 60 mmHg representing 
a reasonable oxygenation that could be taken as a reference 
in normal tissues around the target. The curves show that 
there are some differences in the discriminating power of 
the two tracers for cells at intermediate oxygen tensions. 
These differences are usually neglected given the general 
correlations found between PET hypoxia and clinical out-
come or with results from other measurement methods. 
However, accurate quantification of the clinical PET images 
is needed in order to maximize the effectiveness of the op-
timization approaches intended to target the tumor regions 
with reduced oxygenation. 

 
Fig. 2 Normalized uptake curves for two hypoxic tracers 

As described in section II of the present paper, the curves 
in figure 2 were combined with the equation describing the 
variation of radioresistance with local oxygenation in order 
to obtain conversion curves that could be used for dose 
prescription purposes (Figure 3). 

The results of using the conversion curves in Figure 3 for 
prescribing radiation doses to the targets are presented in 
Table 1. Thus, assuming that the image of the patient was 
obtained with the FMISO tracer, the uptake properties of the 
marker indicate that the dose to the CTV should be 59 Gy 
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while the hypoxic core of the tumor would require a dose of 
85 Gy. Such a difference is not unreasonable and could in 
principle be delivered with existing irradiation techniques. 
However, assuming that the image of the patient was ob-
tained with the FETA tracer, the same image intensities 
would lead to comparable doses to the CTV (56 Gy), but 
considerably lower doses to the hypoxic region (only  
62 Gy). 

 
Fig. 3 Dose modifying factors as a function of the uptake of two hypoxic 
tracers 

The explanation for the differences in the prescribed 
doses could be found in the uptake rates of the two tracers 
in cells at intermediate oxygen tensions that lead to similar 
uptake levels and imaging gradients for cells at quite differ-
ent oxygenations. These results suggest that the success of 
optimization approaches based on the escalation of the 
doses to the hypoxic regions of the tumors depends on the 
use of the relevant conversion functions for the interpreta-
tion of the images. 

Table 1 Prescribed doses resulting from different assumptions regarding 
the conversion curves of PET images 

 Mean dose (Gy) 
Conversion curve CTV GTV Hypoxic core 
FMISO 59 66 85 
FETA 56 60 62 
Linear approximation 57 63 105 

Table 1 also shows the prescription doses obtained by as-
suming a linear conversion of the uptake values in the im-
age matrix into radioresistances. The assumptions for the 
linear conversion were that the minimum uptake of the 
tracer in the image corresponds to a dose modifying factor 
of 1 (i.e., fully oxic conditions were assumed), while the 
maximum uptake corresponds to a dose modifying factor of 

3 (i.e., fully hypoxic conditions were assumed). These  
assumptions lead to comparable prescriptions for the dose to 
the CTV (57 Gy), but the dose prescribed to the hypoxic 
core of the tumor is considerably higher (105 Gy) than the 
doses recommended by the conversion curves derived from 
the uptake characteristics of the tracers. 

The considerable increase of the dose prescribed to the 
hypoxic region might seem a safe approach, but at the same 
time it might also lead to an unnecessary increase of the 
dose burden to the healthy tissues nearby caused by the 
limitations of the radiation delivery techniques available. 
Furthermore, the high dose gradients within the CTV might 
not be rendered reasonably with many of the irradiation 
techniques available. 

IV.   DISCUSSION 

The development of advanced imaging methods like PET 
that are capable of rendering the localization and the sever-
ity of hypoxic regions in tumors has led to new develop-
ments for anti-hypoxic therapies based on improved target 
delineation [21]. Several methods were proposed for devis-
ing advanced treatment plans based on physiological sub-
targets identified in functional images and they were tested 
in theoretical planning studies [9-16,22-24]. The differences 
that might be expected from using different tracers or dif-
ferent conversion curves for the information coded in the 
recorded images have been discussed [10], but compara-
tively less effort has been put into investigating them. This 
paper aimed to address the issue of converting the informa-
tion in the functional images into radiation resistances that 
could then be used for treatment planning. The results have 
shown that this is quite an important issue, since the avail-
able tracers have different uptake properties and therefore 
different capabilities of imaging the oxygenation levels in 
tumors. Thus the conversion curves for different tracers 
could not be used interchangeably since they would inter-
pret differently the gradients in the images and would lead 
to different dose predictions. Alternatively, linear approxi-
mations of the conversion functions are equally at risk to 
lead to modified predictions, especially if the imaged tu-
mors contain only partial hypoxia. Indeed, assuming maxi-
mum hypoxic protection in this case although it appears a 
safe approach inevitably leads to very high dose levels that 
could require unnecessary irradiation of the normal tissues 
around the target. It appears therefore that best results in 
terms of dose prescription would be achieved by taking into 
account the uptake characteristics of the imaged tracers. 
This indicates the need for more information in this area to 
supplement the little experimental data that exists. Thus, 
practical investigations are needed to identify possible 
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variations that may be encountered for one tracer in cells 
with different metabolic properties. This would offer valu-
able information on the possible variations that could be 
encountered for different tumor sites or types. The impact of 
these variations has to be evaluated against other factors 
that might influence the efficiency of imaging tumor hy-
poxia, such as heterogeneity and dynamics of the hypoxic 
regions. Indeed, in some cases pre-treatment images might 
not provide enough information and that additional images 
would be required to devise a successful treatment in an 
adaptive process [4]. 

V.   CONCLUSIONS 

The results of this study highlighted the importance of the 
function used to convert PET images into radioresistance 
maps. Thus, the use of approximations of the conversion 
curve could lead to considerably different dose predictions. 
In particular, linear simplifications of the function could lead 
to unnecessary overestimations of the doses for cases of 
partial hypoxia. Available data on tracer uptake properties 
are relatively scarce and therefore more experimental data 
are needed. They will contribute towards the true individu-
alization of radiation therapy that aims to take into consid-
eration the particular features of each patient. 
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Abstract— In this work an ant colony algorithm has been 
implemented to optimize the Monte Carlo simulation, with the 
PENELOPE code, of small photon beams used in certain radi-
otherapy treatments. The ant colony method is an artificial 
intelligence algorithm that automates the application of va-
riance-reduction techniques throughout a clinical linear acce-
lerator. The variance-reduction techniques employed are Rus-
sian roulette and particle splitting, and the ant-colony method 
adaptively decides where to apply these techniques and the 
parameters used for each of them. The improvement in effi-
ciency allows obtaining simulation results in a few hours, with 
a statistical uncertainty and grid resolution compatible with 
clinical practice.   

Keywords— Variance-reduction, ant colony method, pho-
ton beam, Monte Carlo simulation, beam commissioning, 
radiosurgery. 

I. INTRODUCTION  

Stereotactic radiosurgery (SR) is a technique used to de-
liver a single, high dose fraction of external beam radiation 

with high precision. The delivery of multiple fractions using 

a related technique is known as stereotactic radiotherapy. 

The aim is to encompass the target volume in the high-dose 

area and, by means of a steep dose gradient, to spare the 

surrounding normal tissue. These techniques are especially  

useful to treat small inoperable lesions in the brain. They 

can be applied with a variety of machines, namely, Gamma-

Knife  units using 60Co photons, heavy charged particle 
accelerators, neutron beam units, as well as with modified 

electron linear accelerators (LINACs). Narrow photon 

beams from LINACs are shaped through the interposition of 

secondary collimators between the accelerator jaws and the 
treatment region. Since high precision is required, Monte 

Carlo (MC) simulation techniques are especially useful to 

calculate dose distributions inside the patient. The first step 

in a simulation process is the full characterization of the 

beam, tuning the source parameters to reproduce dose mea-

surements performed in a water phantom. A particular prob-

lem of MC methods is the exceedingly long simulation 

times required. There are some approaches to surmount this 

problem, such as the use of phase space files [1] or virtual 

source models [2] in order to reduce simulation times. 

The aim of this work is to systematically apply variance-
reduction techniques driven by an ant colony algorithm to 

perform the MC simulations fast enough without resorting 

to the aforementioned approaches. 

II. MATERIALS AND METHODS 

A. Measurement data 

The SR beams here analyzed were produced by a Varian 

2100CD LINAC in the 6 MV photon mode, including addi-

tional conical collimators. A diode detector was used to 

measure dose distributions in a water phantom situated 
according to a source-surface distance (SSD) of 100 cm. 

Two kinds of beams have been studied: 

1. 6 MV photon beam with a field of 10x10 cm2 at a dis-

tance of 100 cm from source, considered as the refer-

ence beam for determining the source parameters in the 

simulation. 

2. SR photon beam with conical collimator to obtain a 

3 cm field at 100 cm from the source. 

B. MC dose calculations 

The PENELOPE code [3] has been used to simulate SR 

fields. The geometrical data of the LINAC have been pro-

vided by the manufacturer and the geometry file has been 

automatically generated with the code AutolinaC [4]. The 

source parameters of energy spectrum of primary electrons 

and focal spot-size have been tuned in to reproduce depth 

dose distributions and lateral profiles of an open 10x10 cm2 

beam without conical collimators. The performance of the 

simulations can be improved by adjusting particle-tracking 

absorption energies, Eabs, and PENELOPE simulation para-

meters C1, C2, Wcc and Wcr. The adimensional parameters C1 

and C2 determine the cutoff angle that separates hard from 

soft elastic collisions, whereas Wcc and Wcr are the cutoff 

energies for the production of hard inelastic and bremsstrah-
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lung interactions, respectively [3]. Their values are summa-

rized in table 1. 

Table 1  Simulation parameters for all materials. 

Eabs*     

Electrons Photons Positrons C1 C2 Wcc* Wcr* 

100 10 100 0.1 0.1 10 10 

* Energy units are keV 

C. Ant colony algorithm 

Variance-reduction techniques can be used to make cal-

culations more efficient [3]. In the case of the simulation of 

LINACs, where the interest is focused on a localized spatial 

region (the phantom or the patient), the techniques of par-
ticle splitting (Sp) and Russian roulette (Rr) appear to be 

particularly appropriate. The basic idea is to favor the flux 

of radiation towards the region of interest (ROI) and inhibit 

the radiation that travels away from that ROI. Variance-

reduction is accomplished by modifying the statistical 

weight of the particles, so contributions of these particles to 

the quantities of interest are modified by the corresponding 

weight, leaving the results unbiased. Sp should be applied to 

a particle that approaches the ROI: the particle is trans-

formed in a certain number of identical particles with small-

er weights. On the contrary, Rr kills, with a certain proba-
bility, those particles that tend to move away from the ROI, 

increasing their weight if they survive. The efficiency of the 

Rr and the Sp relies on the strategy used to decide when 

killing and splitting must to be applied. In this work we 

propose to use a method based on an ant colony algorithm 

to drive the application of Rr and Sp. 

The ant colony algorithms were first introduced by Dori-

go et al. [5]. They are inspired in the behavior of actual ant 

colonies and permit to create optimization tools to solve 

problems like that of the traveling salesman [6]. The prob-

lem is formulated in terms of ants going out from the nest to 
look for food. In their trajectories, ants leave pheromone 

and the level of pheromone in a trajectory increases as a 

function of the number of ants that travel by this trajectory, 

while it is reduced when the path is not visited with a cer-

tain frequency. If there are ants that find some food, they 

drop down more pheromone in their return path to the nest. 

The key point is to define a parameter that plays the role of 

the level of pheromone. In our case the analogy established 

is that electrons go from the source (the nest) to the detec-

tion region (the food). If electrons were forced to follow a 

particular trail, the results would be clearly biased, but ap-

plying Rr when electrons loose the trail and Sp when they 
follow it, the simulation remains unbiased. 

The full geometry of the LINAC and water phantom is 

divided in a set of fictitious volume cells, each of them 

characterized by a quantity known as the importance, I. This 

quantity is the analogue of the pheromone level and, formal-

ly, is a measure of the expected contribution of the particles 

which reach a given cell and score to the quantity of inter-

est. During the simulation the number of particles crossing 

a given cell and the number of them that reach the ROI is 

scored. The quantity I of a cell estimates the probability of a 
particle, in that given cell, to finally contribute to the tally 

of interest. The importance of the cell is thus defined as a 

function of that probability. When a particle with weight w 

reaches a cell with importance I, Sp and Rr are used as 

follows: 

 If I · w > 1, split the particle in s new particles, with 

s = I · w. Each new particle will have a corrected weight 

w′ = w / s = I-1. 

 If I · w < 1, apply Rr with killing probability 

r = 1 − I · w; if the particle survives, the new weight is 

w′ = w / (1 − r) = I-1. 

 If I · w = 1, neither Sp, nor Rr, are applied. 

Note that in this manner, every particle inside a cell has 

the same weight whether it has been split, has survived a 

Russian roulette, or it has come from a cell with the same I. 
This is an important property because, otherwise, the va-

riance in the ROI would increase due to straggling of statis-

tical weights. 

The continuous redefinition of the value of importance in 

each cell (each history modifies the value of I in the cells it 

passes through) points out the cooperative characteristic of 

this procedure. This is a property of ant colony optimization 
algorithms. 

The usage of ant colony algorithms for driving variance-

reduction techniques has been previously applied to MC 

simulations using the PENELOPE code in different situa-

tions, drastically reducing simulation times [7,8]. 

III. RESULTS 

A. Source characterization 

Several simulations, with different primary electron 

energies and focal spot-size, were performed in order to 

reproduce dose distributions of an open 10x10 cm2 field 
measured with diode in a water phantom at 100 cm SSD. 

The best agreement between experimental and simulated 

data has been found for primary electron energy of 6 MeV, 

using a parallel pencil beam with a normal spatial distribu-

tion of particles with 2 mm of FWHM. Fig. 1 shows the 

central axis percentage depth dose (PDD) for the experi-

mental measurements and simulated results. 
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Fig. 1 PDD of open 10x10 cm
2
 6 MV beam. Measured PDD is shown with 

line.  Squares correspond to MC simulation. 

 

 Fig. 2 Comparison of lateral dose profiles for open field 10x10 cm
2
, 6 MV 

beam at 5 cm depth. Experimental profile represented with line, whereas 

squares correspond to MC simulation. 

In Fig. 2 results for transverse dose profiles are shown. In 
both figures statistical uncertainty (3 SD) bars for MC simu-

lations are smaller than symbol size.  

B. Dose distribution for cones 

A MC simulation of the complete LINAC geometry with 

the 30 mm conical collimator for SR has been performed. In 

that simulation the source parameters obtained in the tuning 

process for the 10x10 cm2 open field have been used. The 

depth dose distribution and lateral profiles obtained in the 

simulation are compared to experimental results measured 

with diode in Figs. 3 and 4. 

C. Computing time 

Simulations have been performed with an Intel Haper-

town E5405 2.0 GHz processor. The PENELOPE code has 

been compiled with the Intel Fortran Compiler. The simula-

tion time for reaching a 2% statistical uncertainty in the 

absorbed dose, using a voxel size of 2x2x2 mm3, has been 3 

hours. That time encompasses the full simulation of the 

LINAC, starting from the target, through the collimating 

cone, and finishing with the calculation of the absorbed 

dose in the water phantom. 

 

 

Fig.  3 Central axis PDD in water for 100 cm SSD using a 30 mm cone. 

Experimental PDD is shown with line while squares correspond to MC 
simulation. 
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Fig.  4 Lateral dose profile at 15 mm depth in water for 100 cm SSD using 

a 30 mm cone. Measured PDD shown with line. MC simulation results 
represented with squares. 

IV. CONCLUSIONS  

In this work we have applied an ant colony algorithm to 

optimize the use of variance-reduction techniques in the MC 

simulation of SR photon beams produced by a LINAC. 

Results show a very good agreement between the simula-

tions and the experiments performed with a diode detector 
in a water phantom. 

By using the ant colony method it is possible to simulate 

a whole LINAC, with the conical collimator used in SR, and 

calculate the absorbed dose in water, in less than 3 hours. 

This time is achieved using a single core of a desktop CPU. 

The aforementioned simulation time is compatible with 

quality assurance procedures used in the clinical practice. 

Furthermore, the ant colony method proves to be useful in 

commissioning SR beams without resorting to phase-space 

files or virtual source models. 
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Abstract— Purpose: In order to enhance the efficiency of 

respiratory gated 4-dimensional radiation therapy, a 
respiration training system using head mounted display device 
was developed and its efficacy was evaluated. Material and 
Methods: The experiment was designed to measure differences 
in respiration regularity by using the developed system. Three 
groups of patients were involved in the experiments.  

An experiment was designed to measure the differences in 
respiration regularity before and after the training. Three 
patient groups were involved in the experiments. First group 
was a group of patients who breath freely without any training 
or guiding (No-action group: NAG), and second group was 
patients who did training before simulation but was treated 
without guiding signals (Without guiding group: WOGG), and 
third group was a group of patients who had respiration 
training session and was treated with guiding signals (With 
guiding group; WGG). Respiration signals of 30 patients in 
each group were recorded by RPM system and the regularity 
was evaluated by using a home-made analysis tool. Results: 
The temporal regularity of WGG was improved (NAG vs 
WOGG vs WGG was 2.449 vs 2.296 vs 1.490). The reduction of 
SD of periods for WOGG was not statistically significant 
(NAG 2.449 vs. WOGG 2.296, p=ns), while reduction of SD of 
WGG was significant. For amplitudes, SD was significantly 
decreased in WGG compared with NAG (NAG 0.663 vs. WGG 
0.509, p=0.01). The signal pattern of breathing was not much 
different in three groups, since the average area of breathing 
curve and its RMS in WGG was smaller just by 7.16% and 
5.38%, respectively, compared to those of NAG. Conclusion: 
The developed respiratory training system, which uses a head 
mounted display device, is capable of improving the temporal 
regularity and maintaining the tidal air volume evenly 
compared with free respiration.  

 

Keywords— 4 dimensional radiation therapy, 
Respiration gated radiation therapy, Respiration 
regularity, respiration training, Respiration signal 
analysis program  

I. INTRODUCTION  

Intra-fractional motion caused by respiration is the issue 
in image-guided radiotherapy to thorax. Especially 
respiratory signal is a critical parameter that provides 
information on organ position during the respiratory-gated 
radiation therapy (RGRT). RGRT can be performed safely 
only when the respiration of a patient is stable and regular. 
Irregular period, non-synchronization of respiratory signal 
with internal organ motion, or variation of breathing pattern 
between simulation session and treatment sessions 
potentially cause unwanted over exposure to the near by 
critical organ or/and under dose to the target. Therefore, we 
developed a respiration training/guiding system to enhance 
the regularity and stability of patients’ respiration, and its 
efficacy was evaluated. 

II. MATERIAL AND METHOD  

A. Design of the respiration training program 

The respiratory training program was coded with a 
LabView 7.1 (National Instruments, Austin, US) 
programming tool and its user interface is shown in Fig.1. 
This program guides patient’s respiration by showing a 
rising-and-falling red bar whose period and amplitude were 
adjusted to the breathing pattern of the patient. The 
respiratory signal measured by RPM system (Varian, Palo 
Alto, USA) is transferred to the program as a real-time 
feedback, and displayed as a blue bar to give comparison. 
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Fig. 1 User interface of the developed respiration training program 

 
B. Head Mount Display (HMD) 

In order to keep respiratory pattern during the radiation 
therapy session consistent with that in simulation session, 
we introduced a head mount display system that was 
composed of a display goggle and a computer system 
generated guiding signals. During the simulation, 
respiration signal was recorded as a reference and later it 
was displayed on the head mount goggle monitor (red bar) 
during the treatment to make the patient to follow the 
breathing pattern in simulation session. 
 

C. Respiratory training efficacy 

An experiment was designed to measure the differences in 
respiration regularity by using the training system. Three 
patient groups were involved in the experiments. First group 
was a group of patients who breath freely without any 
training or guiding (No-action group: NAG), and second 
group was patients who did training before simulation but 
was treated without guiding signals (Without guiding group: 
WOGG), and third group was a group of patients who had 
respiration training session and was treated with guiding 
signals (With guiding group; WGG). Respiration signals of 
30 patients in each group were recorded by RPM system 
and the regularity and stability were evaluated by using a 
analysis tool which is described in the following session and 
comparisons were made. 
 

D. Programming of signal analysis tool  

Signal analysis tool was coded by using a LabView 7.1 
and its interface is shown in Fig 2. This program provides 
four different taps, the first is a Transition Meas. Tap which 
can measure transition duration, pre-shoot, over-shoot and 
slew rate of falling and rising phases of signals, and the 
second is a Pulse Meas. Tab which enables the 
measurements of the period, pulse duration and duty cycle 

of each pulse. The Cycle Ave & RMS Tap offers to measure 
the cycle average and RMS for each cycle. Amp. & Levels 
Tap measures amplitude, variation of peaks of signals 
compared to those of previous cycle. All measured data are 
displayed as a graph with their SD. 
  

 
 
 

Fig. 2 User interface of signal analysis program. 
 

III. RESULT 

The temporal regularity of WGG was improved as the 
SD of periods was reduced (NAG vs. WOGG vs. WGG was 
2.449 vs. 2.296 vs. 1.490) (Fig. 3). The reduction of SD of 
periods for WOGG was not statistically significant (NAG 
2.449 vs. WOGG 2.296, p=ns), while reduction of SD of 
WGG was significant. For amplitudes, SD was significantly 
decreased in WGG compared with NAG (NAG 0.663 vs. 
WGG 0.509, p=0.01). This means that the tidal air volumes 
for each breathing were kept more even in WGG compared 
to NAG. The signal pattern of breathing was not much 
different in three groups, since the average area of breathing 
curve and its RMS in WGG was smaller just by 7.16% and 
5.38%, respectively, compared to those of NAG. Therefore, 
the breathing of WGG was more stable and regular with 
guiding signals than those of other two groups of patients. 
However, some individuals are observed who show poor 
performance in respiratory trainings as shown in Fig. 4. 
Also base-line drift is observed in 2 cases of patients (NAG, 
1 case, WOGG, 1 case) as shown in Fig. 5. 
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Fig. 3  Improvement of breathing regularity by using the training 
program. Standard deviations of the averaged peak-to-peak amplitude and 

period were small in With Guiding signal Group. 

 

Fig. 4 Typical respiration signals of good and bad candidates for 
respiratory gated radiation therapy. Good candidate in (a) no-action group, 
(c) trained but treated without guiding signal group, (e) trained and treated 

with guiding signal group. Poor candidate in (b) no-action group, (d) 
trained but treated without guiding signal group, (f) trained and treated 

with guiding signal group.  

 

 

Fig 5 Base-line drifts cases in (a) no-action free breathing and (b) trained 
but treated without guiding signal. 

IV. CONCLUSION 

Since external respiration signals are considered to be 
correlated with internal tumor motion, a tighter correlation 
is expected, and the target position is predicable with more 
regular patient breathings. With stable and regular breathing, 
the respiratory gated radiation therapy can be delivered 
more accurately by reducing the uncertainty involved in the 
respiratory phase prediction. Also it can enhance the 
treatment efficiency by increasing the duty factor (beam 
delivery period / total breathing period).  

 Patients who showed a base-line drift of RPM signals, 
the respiratory gated therapy should not be delivered unless 
confirming the tumor position during the treatment. The 
developed respiratory training system that uses a head 
mounted display device is capable of improving the 
temporal regularity and maintaining the tidal air volume 
evenly compared with free respiration. We believe that our 
training system is useful for 4D radiotherapy such as gated 
radiotherapy. 
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Abstract— In vivo dose verification is used to prevent ma-
jor deviations between the prescribed dose and the dose 
really delivered to the patient. This work presents a quick 
and simple alternative method for verification of dose deliv-
ered to the patient using photon beams. During the treat-
ment session, a transit dose is measured with the EPID and 
the dose in the patient is estimated from back projection of 
the portal dose. This method was validated by phantom 
measurement using an ionisation chamber. Central axis 
doses estimated by this formalism were compared with 
measured dose. The feasibility of the method and its appli-
cability in clinical use has been evaluated on patients treated 
with conformal therapy (18 patients, 325 treatment beams 
over 8 months) and with IMRT (9 patients, 165 treatment 
beams). Using this amount of data, the definition of action 
levels became possible. The uncertainties are within the 
accepted tolerance of classical in vivo dosimetry (1SD = 
3.5% for conformational beams and 1SD = 3.6% for IMRT). 
The proposed method for in vivo dose verification is very 
simple to implement and to use in clinics. Measurements can 
be repeated during several sessions giving the opportunity to 
built new strategies for the validation by statistical evalua-
tion of the data. The trending of in vivo dose along the 
treatment becomes also possible. 

 

Keywords—In Vivo Dosimetry, EPID, portal dosimetry, 
clinical study, quality assurance. 

I. INTRODUCTION  

Treatments in Radiotherapy are more and more sophis-
ticated and adapted to the patient. In vivo dose verifica-
tion remains the ultimate step to secure the treatment. In 
vivo dosimetry is classically done by placing dosimeters, 
such as diodes on the skin of patients. 

The method proposed in this study allows more flexi-
bility and finally more possibilities in the treatment veri-
fication and optimisation. It is based on the use of Elec-
tronic Portal Imaging Device (EPIDs), to measure the 
dose transmitted through the patient. We developed a 
back projection formalism which uses this measured dose 
to determine the dose received by the patient at the point 
of interest. 

Dosimetric properties of EPID have been already in-
vestigated in our centre and by others [1,2]. Some in vivo 

verification with EPID are referenced in publications [3-
8]. 

First, the proposed method of in vivo dosimetry for 
photon beams has been implemented at Curie Institute 
and was validated by ionisation chamber measurements in 
a phantom. In a second time, the formalism was applied 
to reconstruct the dose delivered to 18 patients during 
their conformal treatment sessions. In vivo dosimetry is 
classically used to prevent major deviations from the 
prescription during the radiation therapy process. From 
this point of view, our results show a good precision and 
allow the determination of different actions level as a 
function of the discrepancy between the prescribed and 
the reconstructed doses. Some results for Intensity Modu-
lation Radiation Therapy (IMRT) treatments are also 
presented. 

II. MATERIALS AND METHODS 

A. Materials 

This study was performed using two Varian machines, 
a Clinac 2100C/S with 4MV and 10 MV photon beams 
and a Clinac 2300EX with 6MV and 20MV photon 
beams (Varian Medical Systems, Palo Alto, CA).  

EPID dose measurements were done using two aSi 
portal imagers (aS500, Varian Medical Systems) in a 
specific dosimetric acquisition mode and after an ade-
quate dose calibration. The portal dose image (PDI) is 
converted in Calibration Units (CU) by means of a cali-
bration realized under reference conditions in the do-
simetric workspace of the PortalVision software (version 
7.3.10). The portal dose is determined in a Region Of 
Interest (ROI) with a size of 5*5 pixels of 0.0784cm at 
the isocenter. 

In this work, dose measured with an ionisation 
chamber (when necessary) were performed using an NE 
2581 (0.56 cm3) ionisation chamber connected to a 
Keithley electrometer. The TPS used for simulation was 
Eclipse using Pencil Beam algorithm (Varian Medical 
Systems, Palo Alto, CA). 
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B. In Vivo formalism 

The formalism used to compute the dose in the patient by 
back projection has been developed by L. Berger and al. 
at the Institut Curie [9]. The notations used in Fig.1 are: 

• STD, Source Treatment Distance 
• Zmax, depth of the maximum dose 
• TMR, Tissue Maximum Ratio 
• fTMR, Tissue Maximum Ratio with a finite scatter-

ing volume 
• d, distance between the Detector and the computa-

tion point  
• t, patient thickness 
 

 
Fig. 1 : formalism used for in vivo dosimetry. The differ-
ent steps are illustrated separately.  

 
Additional correction factors are required, principally 

to take into account the difference in the dosimetric re-
sponse between an ionisation chamber under electronic 
equilibrium and the EPID. To be applied to patient treat-
ment, some data have to be adapted. Equivalent radio-
logical distances are considered instead of geometric 
distances in the scattered computation steps (RTM, 
RTMF). They are based on the density information given 
by the patient CT scan. For asymmetric and complex 
fields, an equivalent field is given by the Sterling method 
[10] with a correction of the surface hidden by the Multi 
Leaf Collimator. For the IMRT beams, the results are still 
under investigation but some in vivo measurements are 
presented here to report the feasibility of our method. To 
do that, a homogeneous equivalent square field is deter-
mined based on the percentage depth dose given by the 
TPS.   

 
C. Patients and phantom measurements 

Between February and June 2008, 18 patients (325 
beams) starting their conformal treatment on the two 
accelerators were included in this study, transit dose 

measurements were performed and doses to the isocenter 
were estimated with the formalism for each beam. These 
measurements were repeated during several days (up to 
15 days for some patients) to evaluate the reproducibility 
of the results. Almost all the localisations were checked 
(from the most to the less frequent: pelvis, lung, Hodgkin 
disease, head, breast, spinal metastasis). The mechanical 
shifts of the imager during the gantry rotation were taken 
into account. The position of the imager is adjusted with 
OfflineReview (Varian, Palo Alto, CA) and the time of 
the acquisition is given in the DICOM data of Portal 
Images. The first results for IMRT (Intensity Modulated 
Radio-Therapy) beams are presented for 9 patients, 165 
treatment beams. An equivalent homogenous field is 
simply determined by finding the size of a square field 
that would give the same percentage depth dose in a ho-
mogenous phantom as the modulated beam. 
 In a first step, prior to perform the measurements 
with the patient, we tested the formalism in real irradia-
tion conditions by replacing the patient with a polystyrene 
phantom (CarPet, ESTRO) and using the ionisation 
chamber. We took treatment plans of 13 patients (46 
beams) starting their conformal treatment for different 
cancer localizations on the two machines included in this 
study. These plans were transferred on a phantom in our 
TPS and the dose at the isocenter was computed for each 
beam. After that, we treated the phantom as if it was the 
patient and transit dose were measured using the aSi 
EPID (Fig. 1). Doses at the isocenter in the center of the 
phantom were calculated from the measured transit doses 
by applying the formalism and were compared to the 
measured doses using the ionisation chamber. The meas-
urements with the ionisation chamber (IC) were consid-
ered as the reference for this study. 

III. RESULTS 

A. Phantom measurements 

The results are reported in the Fig. 2. They show a 
good agreement between the computed dose from the 
TPS and the dose reconstructed from transit dose meas-
ured with the IC. Of course in that case, there is no het-
erogeneity and set up errors are minimal. 
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Measured versus reconstructed dose in CARPET phantom
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Fig. 2 Distribution of the ratios between the dose meas-
ured in the phantom and the dose reconstructed from 
transit dose measured with the EPID. 

 
B. In vivo measurements 

For a treatment sessions, the dose given by the TPS at 
the point of prescription is compared to the dose recon-
structed at the same point by the formalism. The Standard 
Deviation is 3.5% for all conformational beams (Fig. 3). 

In vivo dose reconstructed at isocenter
for non IMRT beams

0

10

20

30

40

50

60

70

80

0.8 0.8
2

0.8
4

0.8
6

0.8
8 0.9 0.9

2
0.9

4
0.9

6
0.9

8 1
1.0

2
1.0

4
1.0

6
1.0

8 1.1 1.1
2

1.1
4

1.1
6

1.1
8 1.2

Dose ratio (reconstructed EPID / stated TPS)

fr
eq

ue
n

cy

mean = 0.998 
median = 0.998
SD = 0.035

 
Fig. 3 Distribution of the ratios between the prescribed 
dose in the patient and the dose reconstructed from transit 
dose measured with the EPID for non IMRT beams 

 
This method is very fast to apply. Therefore, one can 

repeat the measurement on a day to day basis. In this way, 
the average of the deviations for all sessions acquired for 
a given beam may be considered to validate the treatment 
as a whole (Fig. 4). 
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Fig. 4 Mean ratios between the prescribed dose in the 
patient and the dose reconstructed from transit dose 
measured with the EPID for repeated dose reconstruction 
during consecutive treatment sessions.  
 
Some results of IMRT beams are also presented in the 
same way for 9 patients (Fig. 5). Despite the approxima-
tions used in the formalism, the SD is in the same order of 
magnitude compared to the results obtained for conforma-
tional beams (Fig. 3) (respectively 1SD = 3.5% and 
3.6%). 

 

In vivo dose reconstructed at isocenter for IMRT beams
( 9 patients -  165 points of measurements)
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Fig. 5 Distribution of the ratios between the prescribed 
dose in the patient and the dose reconstructed from transit 
dose measured with the EPID for IMRT beams. 

 

IV. DISCUSSION 

The method proposed here is developed for clinical 
application of in vivo dosimetry for photon beams. The 
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dose is computed on the central axis by back projection of 
a transit dose measured on the EPID. Therefore, this pro-
cedure may be compared to dose reconstruction with two 
diodes. The results for the two methods are in the same 
order of magnitude. 

A first advantage of the EPID measurement is that one 
has a 2D image obtained during treatment session which 
gives anatomical and set up information that are useful to 
interpret the results.  

The second advantage is that by repeating the meas-
urement several days, it reduces the effect of a major 
discrepancy due to individual measurements and provides 
additional information for the final validation. This could 
be used to elaborate new strategies of decisions for in 
vivo dose verification by introducing decision making 
based on statistical variation of the measured dose. The 
trending of the delivered dose could also be performed 
without extra time of the treatment session. This clinical 
study suggested us the following methodology for the 
validation of in vivo dose verification. The measurements 
are performed during the five first sessions. At the first 
session, if the deviation between the expected and the 
reconstructed dose is larger than 7%, the patient file must 
be reviewed to identify the discrepancies and continue the 
treatment. After the fifth day, if the average of the devia-
tions is larger than 5%, the discrepancy must be ques-
tioned and explained to continue the treatment 

The first aim of this method is to ensure that no major 
deviation will appear during the treatment. However, in a 
second time, several evolutions become possible with the 
use of EPID. One can access to a dose computation in 3D 
which could be computed with CT scan acquired during 
treatment. In this way, all “real” parameters of the session 
will be known and treatment may be modified to be more 
adapted to the prescription. Systematic and random devia-
tions may be corrected, like tumor volume reduction, 
patient slimming, and some internal movements.  

The method presented here is based on the measure-
ment of transmission factors [8]. In a different way, some 
authors [5] made proposals to extract the primary fluence 
from portal images. This fluence can be back projected 
using the inverse square law and attenuation in the patient 
to determine the Total Energy Released per unit Mass 
(TERMA) and the dose by a convolution with a dose 
deposition kernel (like usually used in the TPS). But the 
kernel energy dependence and the scatter contribution 
from the patient to the EPID need to be investigated [2]. 
In addition, clinical experience needs to be gained to 
validate this method and evaluate its applicability. 

V. CONCLUSIONS  

A formalism for patient in vivo dose verification on 
photon beam central axis is proposed. It is based on the 
back projection of transit dose measurements. The 
method provides a quick and simple way of patient dose 
verification usable in clinics. Dose verifications on real 
patients have been performed and repeated for several 
consecutive sessions and the results are within the usual 
tolerance of “classical” in vivo dosimetry.  
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Abstract—After development of sensitive dosimeter materials 
Electron Paramagnetic Resonance EPR dosimetry has been 
successfully used also in radiation therapy. The intensity of the 
EPR-signal is a measure of the amount of free radicals created 
by ionizing radiation which is proportional to the absorbed dose 
in the dosimeter. Lithium formate monohydrate is a dosimeter 
material with 2-6 times higher sensitivity than alanine, a linear 
dose response over a wide dose range and mass-energy absorp-
tion properties similar to water. These properties make lithium 
formate promising for verification of absorbed doses around 
high dose rate brachytherapy sources where the dose gradient is 
steep and the photon energy distribution changing with distance 
from the source. Calibration of the dosimeters is performed in 
60Co or MV photon beams where high dosimetric accuracy is 
feasible. The use in brachytherapy field relies on the assumption 
that the production of free radicals per mean absorbed dose in 
the dosimeter is similar at the lower photon energies present 
there. The aim of this work was to test that assumption.  

The response of the dosimeters as a function of photon en-
ergy was determined by irradiations with four x-ray qualities 
in the range 100-250 kV and 137Cs, relative to the response 
when irradiated with 60Co, all photon beams with well-known 
air kerma rates at the Swedish Secondary Standards Do-
simetry Laboratory. Monte Carlo simulations were used to 
convert air kerma free in air to mean absorbed dose to the 
dosimeter. 

The measured response relative 60Co as a function of pho-
ton energy was below unity for all qualities. The maximum 
deviation from unity was 2.5% (100 kV, 135 kV) with a rela-
tive standard deviation of 1.5% (k = 1). 

Keywords—HDR brachytherapy, dosimeter, EPR, lithium 
formate, energy response. 

I. INTRODUCTION 

In a material irradiated with ionizing radiation free radi-
cals are established. Electron Paramagnetic Resonance 
(EPR) dosimetry utilizes that long lived radicals can be 
produced in crystalline materials. The number of radicals 
induced is proportional to the absorbed dose and can be 
quantified with EPR spectroscopy.  

EPR technique with lithium formate as dosimetric mate-
rial has attractive properties for measurements around 

brachytherapy sources. The dose response is linear from 
200 mGy to at least 1 kGy [1] and the quotient of mass 
energy absorption coefficients of lithium formate relative  
to water varies less with energy below 200 keV than that of 
alanine and lithium fluoride (LiF), two commonly  
used materials for dose measurements in radiotherapy, see 
Figure 1.   

 

Fig. 1 Mass-energy absorption coefficients of LiF, lithium formate and 
alanine relative to water for monoenergetic photons 

LiF TL dosimeters have the advantage that they can be 
made small enough to resolve steep dose gradients as those 
around brachytherapy sources. Drawback is that they ex-
hibit a non-linear response at doses above 1 Gy. Alanine 
used with EPR spectroscopy requires comparatively high 
absorbed doses for good performance. Lithium formate is 2-
6 times more sensitive than alanine which makes them in-
teresting for use in clinical measurements. Lithium formate 
EPR dosimetry was recently used to verify calculated dose 
distributions prior to intensity modulated radiation therapy 
(IMRT) in MV photon beams [2] and around high dose rate 
192Ir brachytherapy sources [3].  

Interest in experimental 192Ir dosimetry has increased and 
recent applications include development of detectors suit-
able for in vivo dosimetry [4, 5] and for verifying doses 
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calculated by treatment planning systems [6]. The LiF TL 
dosimetry system is currently the most validated dosimetry 
system for experimental brachytherapy [7]. A problem with 
LiF TL in verifying doses around high dose rate (HDR) 
sources is the limited dynamic range. Early reports on TL 
dosimetry for 192Ir was for low dose rate (LDR) seeds [8] 
and measurements around 192Ir HDR and pulsed dose rate 
(PDR) sources were made with decayed sources [9, 10]. 
Using the EPR dosimetry system absorbed doses around 
PDR and HDR 192Ir sources can easily be performed at their 
clinical strength. The verification of doses at several dis-
tances from an implant with a single irradiation will not be a 
problem and doses large enough for the source transit dose 
to be negligible can easily be administered. 

Reference quantity for dosimetry in radiotherapy is ab-
sorbed dose to water. Primary standards for absorbed dose 
to water are available for 60Co beams as well as beam qual-
ity correction factors for ion chambers used in MV photon 
beams [11]. No beam quality correction factors are available 
for measurements in low energy photon beams. A common 
approach to measure absorbed dose to water using solid 
state detectors is to irradiate them in a calibrated 60Co or 
MV photon beam, use cavity theory to convert absorbed 
dose to water, Co

wD , to mean absorbed dose in the detec-

tor, Co
detD , and determine the detector response 

det/M D where M is the detector signal. Assuming the 
detector response to be independent of beam quality x, i.e., 

det Co det[ / ] [ / ]xM D M D= , the signal obtained in the 
brachytherapy beam (quality x) can be converted to ab-
sorbed dose to water using appropriately weighted values of 
the quotient of mass energy absorption coefficients for wa-
ter and detector material, w

en det[ / ]μ ρ . (Additional correc-
tion for volume averaging by the detector may be needed.) 
The aim of this work was to investigate the validity of as-
suming the detector response to be independent of beam 
quality for photon energies below 1 MeV. Primary stan-
dards for photon energies < 1 MeV are often based on the 
quantity air kerma and this quantity was used for the pur-
pose of determining the detector response in a way similar 
to that used by Nunn et. al. [12] for TL LiF dosimeters.  

II. MATERIALS AND METHODS 

A.   Definition  of Detector Response 

Energy dependence of response is here defined as the 
variation with energy of the lithium formate dosimeter sig-
nal per mean absorbed dose in the dosimeter relative to that 

of a reference radiation quality (60Co γ-irradiation). It is 
defined as 

60

lithium formate
Co

lithium formate Co

xx

M
D

R
M

D

⎛ ⎞
⎜ ⎟
⎝ ⎠ =
⎛ ⎞
⎜ ⎟
⎝ ⎠

                 (1) 

Here, x represents a certain beam quality, M denotes the 
lithium formate dosimeter signal and lithium formateD  denotes 
the mean absorbed dose in the lithium formate dosimeter.  

B.   The Lithium Formate Dosimetry System 

The active dosimeter material is polycrystalline lithium 
formate monohydrate (98%) (HCO2 Li H2O) from Aldrich. 
To make the dosimeters stable and non-fragile, solid paraf-
fin (CnH2n+2, n = 20 – 40) from Haugen-Gruppen AB was 
used as a binder. The substances were carefully mixed and 
pressed to tablets, cylindrical in shape with height 5 mm, 
diameter 4.5 mm and weight 100 mg, using a tablet press. 
The dosimeters consist of 90% by weight of lithium formate 
and 10% paraffin. Dosimeters made from the same mixture 
were regarded as belonging to one batch and used together 
in the subsequent experiments. 

The relative response of the dosimeters in a batch was 
determined by irradiating them simultaneously to the same 
absorbed dose of approximately 3 Gy in a clinical 6MV 
photon beam. They were subsequently read out in the 
same read out session. If the relative standard deviation of 
the signals from the dosimeters in the batch was less than 
1%, the batch was considered successful. It was then di-
vided into subgroups; one group for determination of the 
dosimeter response at different beam qualities x and the 
60Co reference beam and one group not further irradiated 
but used to determine the background signal, b. All  
dosimeters were subsequently read out in one readout 
session in the same way as when determining their relative 
response. 

Read out of the EPR dosimeters was performed with a 
BRUKER EleXsys E 580 spectrometer equipped with a 
standard cavity ER 4102ST using a WILMAD EPR sample 
tube Q-5M-6M-0-200m-FB. Settings: 3 mT sweep width, 
20 mW applied microwave power, 1.2 mT modulation am-
plitude, 328 ms time-constant and one 168 s sweep. No in-
cavity reference such as synthetic ruby or Mn2+/MgO was 
used and the EPR signal was not smoothed, filtered or ma-
nipulated in any way. 
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The signal amplitude is determined as peak-to-peak 
height in the first derivative spectrum (l) [dimensionless] 
divided by the tablet mass (w) [mg] and is denoted as lw 
[mg-1]. Five measurements of the same dosimeter were 
performed to increase precision. The mean value of the 
five measurements ( wl ) was finally used as the detector 
signal both in determining the relative response and in the 
subsequent experiments. The five measurements were 
spread in time during the day to minimize any time de-
pendent defects in the spectrometer reading. The EPR 
signal M from irradiations in the experimental beams was 
determined as  

wM l b= −                                       (2) 

C.   Experiments 

Irradiations were performed at the Swedish Secondary 
Standards Dosimetry Laboratory (SSM) in the quantity air 
kerma. The irradiation timer was set to deliver a known air 
kerma free in air at a certain distance from the source focus.  

For irradiations in 60Co and 137Cs, the dosimeters were 
positioned in holes drilled in a slab of PMMA with dimen-
sions 20 cm 20cm 0.5cm× × . Additional slabs of PMMA 
were positioned in front of and behind the dosimeters to 
achieve charge particle equilibrium.  

A special holder for the lithium formate dosimeters was 
constructed for the x-ray irradiations. The holder was cre-
ated to allow the dosimeters to maintain their position while 
also being as close as possible to free-in-air conditions. It 
consisted of a cardboard box and five drinking straws, 
which caused minimal attenuation and scatter of the x-ray 
beam. One dosimeter in each straw was positioned in a star 
pattern in the box with a distance of approximately 1.5 cm 
between the centres of the dosimeters and a distance of 10 
cm between the box and the dosimeters.   

D.   Monte Carlo Simulations 

According to the definition of response, Eq. (1) in section 
II A., air kerma needs to be converted to dose to lithium 
formate, lithium formateD . This was performed by EGSnrc Monte 
Carlo simulations [13] calculating both the mean absorbed 
dose to the lithium formate detectors in the same geometry 
as used in the experiments and air kerma free in air at the 
position of the dosimeters. Results are shown in Figure 2. 

Values of the quotient lithium formate/M D  using the x-ray 
beams were obtained by weighting the results for 
monoenergetic photons over the actual energy spectra ac-
cording to  

( )

( )

lithium formate, MC
c,air

c,air,MClithium formate

air c,air

( )i i
i

i
i

D
hv K hv hv

KD
K K hv hv

⎛ ⎞
Δ⎜ ⎟⎜ ⎟⎛ ⎞ ⎝ ⎠=⎜ ⎟ Δ⎝ ⎠

∑

∑
   

(3) 

∆hv was set to 0.01 keV. Index MC indicates results from 
Monte Carlo simulations. The energy spectra of the x-ray 
beams were measured using a Compton spectrometer [14]. 

 
Fig. 2 Monte Carlo simulated values of the quotient 

lithium formate air/D K  as 

function of photon energy. Error bars show the statistical precision in the 
simulations (1 standard deviation) 

In determining the quotient lithium formate/M D for the 60Co 
and 137Cs beams, simulations were performed in the ex-
perimental geometries using the actual spectrum from the 
60Co unit at SSM [15] and a 137Cs spectrum from Thomason 
et. al. [16]. 

III.   RESULTS  

Results of the determination of detector response Co
xR  

(Eq. (1)) are shown in Table 1 and are in Figure 3 given as 
function of the effective energy of the photons in the x-ray 
beams.  

Table 1 Relative detector response Co
xR  (Eq. (1)) for the x-ray beam 

qualities and 137Cs. Uncertainties indicate the estimated standard uncer-
tainty in the experiments 

Beam HVL 
(mm Cu) Co

xR  

100 kV 0.14 0.975 ± 0.015 
135 kV 0.47 0.975 ± 0.015 
180 kV 0.94 0.990 ± 0.012 
250 kV 2.5 0.999 ± 0.020 

137Cs - 0.999 ± 0.013 
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Fig. 3 Experimental results of lithium formate response for four x-ray 
beam qualities and 137Cs normalized to 60Co as function of effective energy 

IV. CONCLUSIONS 

The results presented indicate a small decrease in the re-
sponse of the lithium formate dosimeters at the lowest x-ray 
tube voltages 135 kV and 100 kV. For LiF (Mg, Ti) Nunn et 
al. reported an increase in TL yield (about 10%) for x-ray 
beams relative to that for 60Co [12]. Further investigations 
using still lower tube voltages are needed to confirm the 
trend in Figure 3.  
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Abstract— The wedge factor of the internal wedge of 

an an ELEKTA Linac was investigated for some wedge 
degrees for 6MV photon beam using Monte Carlo (MC) 
methods. The wedge factors were calculated by the MC 
simulation of 60 and 30 and wedge degrees with various 
dimensions of 4, 5, 10, 15 and 20cm2 and compared with 
relevant experimental measurements. The results indi-
cated that our MC simulation can be regarded an accu-
rate method for determining the wedge factor for all the 
wedge degrees. The MC method developed in this study 
has the potential for investigating the variation of medi-
cal linacs’ wedge factor with the field size. 

Keywords— Wedge Factor, Monte Carlo, Internal Wedge, 
Linac, Photon Beam 

I. INTRODUCTION  

Linac wedges like other compensators can be used to 
modify and optimize the dose distribution in a patient body 
or phantom [1]. There are three types of the wedges includ-
ing external, internal and dynamic wedges. The internal or 
motorized wedge works similar to the external wedge but is 
mounted in the linac head. It has a fixed angle and works 
according to the concept of the universal wedge [2]. It does 
not have some limitations of the external wedges, like those 
concerned with the wedge angle and installation, and can 
produce any wedge angle through a combination with an 
open field.  

The output of the linac machine decreases when passing 
through the wedge. The wedge attenuation is defined by the 
wedge factor (WF) as the ratio of the radiation dose with the 
wedge to that without the wedge. The radiation dose mea-
surements are made in a phantom along the central axis for 
the same MU, field size and depth with and without the 
wedge.  

An internal wedge attenuates the photon beam greatly 
therefore has a low wedge factor [3]. Because of the large 

attenuation of internal wedges it is necessary to calculate 
the wedge factor correctly. To achieve this goal, it is neces-
sary to consider some effective parameters like the field size 
[4-7]. The variation of the wedge factor with the field size 
has been studied by some researchers. In spite of these ef-
forts, there is not any standard rule for determining the 
wedge factor due to the fact that it could alter from one 
patient to another. So, the best way for determining all the 
wedge relevant parameters in a treatment planning proce-
dure is experimental measurements. These measurements 
have to be done exactly by characterizing it for every treat-
ment field. However, because of the high work load at most 
radiotherapy centers it is not possible to do all these mea-
surements. This forces us to introduce just a limited num-
bers of the wedge factor in treatment planning systems that 
could lead to a significant level of error in MU calculations. 
Therefore, it will be useful to propose an alternative accu-
rate method for MU calculations for wedged fields.  

One appropriate method that can be used to calculate the 
wedge factor for wedged fields is the MC simulation. No-
wadays, the MC simulation is well recognized as an accu-
rate method for the dose calculation and is used on many 
topics in radiotherapy [8-10]. 

In this study, the ability of the MCNP4C Monte Carlo 
code has been investigated for calculating the wedge factor 
of an Elekta linac for some wedge degrees. 

II. MATERIALS AND METHODS 

A. Linac head simulation and MCNP4C benchmarking 

MCNP4C Monte Carlo code was used to simulate an 
ELEKTA SL75/25 linear accelerator on a PC having an 
Athlon XP 3800+ CPU. The linac head structures and its’ 
6MV photon beam were simulated by this code based on the 
data provided by the manufacturer [11]. The simulation 
geometry included the details of the linac head structures 
and a phantom. The linac head components simulated in this 
study included the target, beam stopper, primary collimator, 
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flattening filter, back scattering plate, wedge and secondary 
collimator (Figure 1). 

  

 

Fig. 1 The schematic representation of the geometry of the ELEKTA 
SL75/25 linac head structures simulated by MCNP4C MC code  

The benchmarking for the MC code was done by tuning 
the characteristics of the nominal initial electron beam of 
the linac until the PDD and dose profile curves of the Monte 
Carlo Simulations were adapted to that of the experimental 
measurements [12-14]. 

B. Wedge factor calculation 

The head structure of the linac head was simulated with 
and without the internal wedge. Thereafter, a standard 
Scanditronix water phantom (15×15×15 cm3 RFA-300 
Scanditronix, Wellhofer AB, Uppsala, Sweden) was simu-
lated with SSD = 10 cm. Inside the water phantom a cylind-
er (scoring cell) with 1 cm radius and 1 cm height was si-
mulated along the central axis of the beam at 10 cm depth. 
The energy deposited in the scoring cell was calculated by 
the *F8 tally of MCNP4C code. After running the program, 
relevant radiation doses for the open and wedged fields 
were obtained. Then, the linac wedge factors for the 4, 5, 
10, 15 and 20 cm2 field sizes were determined for the 60, 30 
and 15 degree wedges by dividing the relevant doses of 
every wedged field to that of the open field by using the 
following equation: 

/ (1 ) /o wD D F F   (1)  

in which, oD  and wD are the open and wedged field doses 

respectively and F is obtained from the following equation: 

tan / tans wF   (2) 

in which, s is the effective wedge angle and w is the 

angle of the fully wedged field [2]. 
The photon and electron cut of energy parameters (PCUT 

and ECUT) set in the code for controlling the particle trans-
port were equal to 0.3MeV and 10keV respectively. The 
primary electron beam energy was also determined to be 
equal to 6.7MeV after the benchmark tuning. For our dose 
calculations in a miniphantom, a number of 2×109 and 
1.6×109 initial electrons were generated for the wedged and 
open fields respectively. Based on these parameters, the 
maximum relative error estimated for the MC simulated 
factors were less than 1.5%. 

C. Experimental dose measurements 

Experimental dose measurements were carried out using 
a calibrated ionization chamber (RK, Scanditronix wellho-
fer AB, Uppsala, Sweden) with 0.12 cm3 volume in a Scan-
ditronix automatic water phantom (RFA-300 Scanditronix 
Wellhofer AB, Uppsala, Sweden) and alsoa 670 model 
miniphantom. 

III. RESULTS 

The wedge factors obtained from our MC simulations for 
various field sizes ranged from 4 to 20 cm2 are compared 
with those measured experimentally in Figures 2, 3 and 4 
for the 60, 30, and 15 degree wedges respectively.  
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 Fig. 2 Comparison of the MC calculated and experimentally 

measured wedge factors for the 60 degree wedge. The P-values obtained 
from one sample T-test are shown on top of the pair bars 
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Fig. 3 Comparison of the MC calculated and experimentally measured 

wedge factors for the 30 degree wedge. The P-values obtained from one 
sample T-test are shown on top of the pair bars 
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Fig. 4 Comparison of the MC calculated and experimentally measured 

wedge factors for the 15 degree wedge. The P-values obtained from one 
sample T-test are shown on top of the pair bars 

The results of one sample T-test indicated that the calcu-
lated wedge factors were in good agreement with the expe-
rimental measured values for all the field sizes and their 
differences were not significant (P-value > 0.05). The max-
imum relative error estimated for the 60, 30 and 15 degree 
wedges were 0.75%, 0.60% and 0.11% respectively. Rela-
tive variation of the calculated 60, 30 and 15 degree wedges 
from were 1.6%, 0.6% and 0.1% respectively considering 
various field sizes ranged fro 4 to 20 cm2. 

IV. CONCLUSIONS  

Our result indicated that the Monte Carlo simulation me-
thod developed in this study can be used as an alternative 
accurate method for determining the wedge factors for any 
wedge degree.  

Since the relevant doses of the fully wedged fields were 
simulated with low relative errors, it can be used confident-
ly for calculating the wedge factor of any wedge degree. 
Our MC simulation was done by running enough primary 
initial particles. In this study we didn’t use any variance 
reduction technique except the photon and electron cut off 
energies. Even though this caused a long computer running 
time, it prevented us to encounter any unacceptable er-
ror/bias in the results.  

The increasing tend of the wedge factor with the field 
size was decreased with the reduction of the wedge degrees 
from 60 to 15 degrees. This could be attributed to increasing 
contribution of the open field in the radiation doses of the 
wedged field. This method can be used for studying the 
variation of the wedge factor with the field size. 
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Abstract— The Gamma-Index method is the standard anal-

ysis tool for IMRT plan verifications. Usually the analysis is 
performed on a dose grid with two spatial dimensions and the 
dose. In this work we will introduce a 3D Gamma-Index me-
thod using all three spatial dimensions and compare different 
reference level methods for the dose axis of the criteria. It is 
shown that the often used reference level to the maximum dose 
within the analysis plane tends to underestimate larger devia-
tions in the low dose regions. Because these regions are often in 
the projection of Organs-at-Risk possible impacts may be 
overseen. We will show that a reference level at the local dose 
or a pre-defined dose level do not have this drawback. 

 
Keywords - IMRT, 3D-Gamma Index Method, ormalization, 
2D-ARRAY 

I. INTRODUCTION 

Two dimensional ionisation chamber arrays have been 
accepted widely as an alternative to film as detectors for 
dosimetric IMRT plan verification. As a tool for compari-
sons between the planned and measured dose distribution, 
the Gamma-Index method was introduced by Low et al [1] 
for film measurements. In [2] we adapted this method for 
verification measurements with two-dimensional ionization 
chamber arrays. However one of the limitations of the me-
thod so far is that the evaluations are done for a fixed depth 
z in the phantom resulting in an analysis for a feature space 
consisting of only two spatial dimensions besides the dose 
dimension. Furthermore, there are various possibilities of 
choosing the "reference dose", i.e. the reference value for 
the relative dose error entering the Gamma Index criterion. 
Either the absolute dose maximum, the local dose or an 
absolute dose value given by the organ-of-risk tolerance 
may be used. In this work we will present the application of 
a 3D Gamma-Index method using all three spatial dimen-
sions and will discuss the impact of the different reference 
levels. 

 
II. MATERIALS AND METHODS 

All evaluations have been performed with the 2D-
ARRAY729 (PTW-Freiburg, Germany), a Primus Linear 

accelerator (Digital Mevatron, SIEMENS, Kemnath, Ger-
many) at 6 and 10 MV nominal photon energy and the 
treatment planning system Oncentra Master Plan (Nucle-
tron, Veenendal, The Netherlands). 

 
2D- and 3D Gamma Index Methods  
Let D(xi,yj,zk) be the dose distribution calculated in the 

treatment planning system on a three-dimensional dose grid 
on a CT of the measurement set-up used for dosimetric 
treatment plan verifications. For the 2D Gamma-Index Me-
thod the calculated dose distribution valid for the effective 
depth of measurement zeff of the detector, D(xi,ji,zeff), is 
exported. According to [1] this distribution is convolved 
with the lateral sensitivity function of a single chamber of 
the 2D-ARRAY resulting in a matrix of the expected read-
ings E(xi,yj,zeff). After irradiation of the measurement set-up 
with the plan, the (2D)-Gamma Index criteria analysis is 
performed: A measured value M (xi, yj) at a point (xi,yj) will 
meet the criterion if at least one of the points representing 
the expected readings E(xl,ym,zeff) is falling into an ellipse in 
the “feature space” of relative dose and coordinate differ-
ences, with half-axes δmax and Δmax drawn around M(xi,yj). A 
prerequisite for this approach is that the real effective depth 
of measurement (which depends on the positioning accura-
cy of the phantom set-up at the linear accelerator) and the 
effective depth of measurement (chosen in the planning 
system as export depth) are identical. Due to small devia-
tions in the positioning accuracy at the linac and since the 
dose grid D(xi,yj,zk) may not have a z-plane in the depth of 
zeff, deviations in the analysis may occur. We therefore 
suggest to expand the Gamma analysis to the third spatial 
dimension, using E(xl,ym,zn), and assume that the measured 
distribution represents M(xi,yj,zeff). The Gamma Index ellip-
soid has now 4 dimensions and the half axis Δmax is applied 
to all three spatial directions. 
 

Reference levels 
Three different options of choosing the reference level 

for the calculation of the relative dose value δmax  have been 
used, the maximum dose in the measurement plane zeff , the 
local dose value at the point of interest (xi, yj ,zeff) as well as 
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a user defined dose level, such as the organ-of-risk tolerance 
dose. 

The application of the methods for verification of a Head 
and neck IMRT plan is shown in Fig. 1. To demonstrate the 
difference between the methods, major dosimetrical errors 
have been introduced before the irradiation at the linear 
accelerator resulting in numerous positions failing the 
Gamma-Index criteria  

 

III. RESULTS 

Due to the reference to the maximum dose (Fig. 1 a), the 
dose half axis of the acceptance ellipsoid becomes larger as 
compared to the reference to the local dose (Fig 1b). There-
fore this kind of reference tends to suppress Gamma-Index 
failures for low doses. While this may be useful in situa-
tions in which the dose modulation in the distribution is 
comparably smooth, and when no larger dose gradients are 
to be expected (e.g. prostate treatments with dynamic IMRT 
techniques), critical areas for the shown H&N plan in the 
projection of the spinal cord are overseen. The reference to 
a user-chosen dose level (here 0,2 Gy) is a method which 
focuses on deviations from a predefined dose-level (Fig 1c) 
and can also be used to analyze possible errors in the re-
gions of the organs-at-risk. The 3D-Gamma-Index allows 
for smaller differences in the z-position of the 2D-ARRAY 
and the planning system. In combination with the reference 
to the local dose, the critical errors have been detected as 
well (Fig. 1 d). 

 

IV. CONCLUSIONS 

The 3D-Gamma Index method accounts for deviations 
between the dose-calculation grids as well as for set-up 
variations at the Linear Accelerators. When the maximum 
dose value of the analysis plane is chosen as the reference 
value, Gamma Index failures at low dose levels are sup-
pressed. This reference should therefore only be used when 
no critical structure is expected to be influenced. When 
tolerance dose limits of the organs-at-risk are of interest, the 
local dose or a pre-defined user level should be used as 
reference level. The described methods are implemented in 
a new version of VeriSoft (PTW-Freiburg, Germany). 

 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Comparison of different dose reference levels and dimensions in 

the Gamma Index analysis based on δmax = 3%, Δmax = 3mm. Head and 
Neck IMRT field from 0° Gantry direction, 6 MV with artificially intro-
duced errors to simulate the impact of the methods. Along the central line 
of the distributions the sparing for the spinal cord is visible. a) 2D-Gamma  
Index, reference dose = maximum dose, b) 2D-Gamma Index, reference 
dose = local dose, c) 2D-Gamma Index, reference dose = 0,2 Gy, the dose 
level tolerated in the organ-at-risk region per fraction from the field (here 
spinal cord), d) 3D-Gamma Index, reference dose = local dose. Note that 
the reference to the maximum dose is not detecting the relevant overdosag-
es in the spinal cord region (marked grey: rel. overdosage of measurement; 
black: rel. underdosage of measurement). 
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Abstract— The new SIEME S MLC160 offers the applica-
tion of intensity modulated techniques and stereotactic treate-
ments within the whole 40 cm x 40 cm irradiation field. In this 
work we analyzed dose profiles of small off-axis fields. Larger 
deviations from symmetrical dose distributions have been 
found for fields which are generated at the maximum diagonal 
off-axis positions. Two different methods for an analytical 
description of the dose distribution generated by these fields 
are presented, based on the convolution of a rectangular li-
near- function with a kernel.  A sum of two Gaussian distribu-
tions as well as a Lorentz-type function are used as such ker-
nels. While the Gaussian method leads to known field 
parameterization parameters, the Lorentz type kernel offers a 
larger data reduction and a full analytical description of the 
profile. 

Keywords - 160MLC, Small field dosimetry, convolution 
techniques 

I. INTRODUCTION 

The new SIEMENS 160 MLC offers the possibility of ap-
plying small photon fields in the whole 40 cm x 40 cm field 
size of the collimator, thus allowing for the first time the 
stereotactictal irradiation of multiple targets without addi-
tional patient movements and the application of IMRT tech-
niques over the whole usable field size. 

The dose profiles of small photon fields on or close to the 
central beam can usually be described by symmetrical func-
tions. Because far Off-Axis profiles measured at the 160 
MLC are influenced by the virtual photon source, the pri-
mary collimator, the secondary jaws and the MLCs, the 
dose distribution tends to be more wedge shaped. The 
mathematical description of these dose profiles using Gaus-
sian and Lorentz function convolution kernels will be pre-
sented. 

 
 
 
 

II. MATERIALS AND METHODS 

All measurements have been performed for 6 MV nomi-
nal photon energy at a linear accelerator equipped with a 
160MLC (Artiste, SIEMENS, Kemnath, Germany). Meas-
urements have been done with a diode PTW-60012 (PTW-
Freiburg, Germany) in water.  Fig 1 shows typical profiles 
for symmetrical fields and off-axis fields.  Two different 
mathematical approaches have been used to model the pro-
files.  Both models assume that the relative dose distribution 
can be described as a convolution of a linear function 
(which is defined within the nominal field borders from –a 
to a and set to 0 outside) with a suitable convolution kernel, 
modelling the influence of scattering penumbra and other 
influences. For symmetrical fields the slope of the linear 
function will reduce to zero representing the described rec-
tangular functions. 

 
Gaussian-Approach: 
In this approach the angle in the linear function w(α) is  

characterized according to the usual definition of a wedge 
angle α within a photon field. The convolution kernel is 
assumed to be represented by a sum of two Gaussians, re-
sulting in: 
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An analytical solution of this convolution can be found in 
[2]. 
 
Lorentz-Approach: 

The method described in [1] can be expanded by assum-
ing a linear description of the rectangular function which 
can be described by y = Cx+ D. Assuming a Lorentz shape 
convolution kernel with λ representing the width parameter 
of the function the analytical relative dose distribution is 
given by [1]: 
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III. RESULTS 
 
Fig. 1 shows two examples for the application of the 

Gaussian fit method for two off-axis fields with nominal 
field widths of 30 mm x 30 mm. While the centre of the 
field in Fig.1a was positioned on the main in-plane axis 
with 17.5 cm off-set, the centre of the field in Fig. 1b was 
positioned with an offset of 17,5 cm in both x and y direc-
tion. 
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Fig.1: Off-axis dose profiles of two fields (6 MV, 30 mm x 30 mm field 
size) a) field center positioned on the projection of the in-plane axis 17.5 
cm towards gun direction b) field center 17.5cm off axis in both main 
directions. 
 
As can be seen, some characteristical parameterization val-
ues  of small fields (penumbra, field width, symmetry etc.) 

cannot be applied without any problem for far off-axis sit-
uations as in Fig. 1b.  
The application of the Lorentz convolution method is shown 
for an example field in Fig. 2. Additional applications of the 
method for symmetrical fields as well as for imhomogeni-
ties are shown in [1].  
 

 

 
 
 
Fig 2: Application of the Lorentz-type convolution method to the field    
from Fig 1b. 

IV. CONCLUSIONS  

Due to the improved over travel capacities of the 
SIEMENS MLC160, the application of small fields for 
stereotactic treatments as well as the possibility of applying 
intensity modulated irradiation fields within the whole 40 
cm x 40 cm usable field size is now possible for the first 
time. The classical parameterisation of small fields like dose 
profiles, penumbra width or dose on the central axis cannot 
be applied anymore to far-off axis fields like shown in Fig 
1b or 2. 

In this work we presented two possible solutions to this 
problem. Both methods offer the possibility of analyzing the 
underlying rectangular functions in terms of the slope and 
using characteristical parameters of the kernel functions as 
representations of the dose drop off at the field edges. 

While for the Gaussian method the slope can be ex-
pressed in terms of a regular wedge-angle a linear function 
can be applied for the Lorentz method. With this approach 
an analytical representation of the dose profile is possible 
which may act as further input for treatment planning sys-
tems or data reduction. 
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Abstract—The TomoTherapy Hi-Art II treatment system 
and the Siemens Oncor offer the possibility to apply an MVCT 
for checking the patient position prior to treatment. 
TomoTherapy has a 3.5 MV fan beam MVCT and the Oncor a 
6 MV cone beam MVCT. It was investigated whether these two 
MVCTs are appropriate for contouring and dose calculation in 
treatment planning. The contrast-to-noise-ratio and the dose to 
the patient were analyzed to answer the question if contouring 
based on these MVCT data is possible. The clinical usage of 
TomoTherapy MVCT in cases of two hip protheses and a 
prostate carcinoma serves as a reference to this estimation. It 
was found, that image quality was sufficient for contouring on 
the Oncor MVCT data if a much higher dose to the patient 
(about a factor of 12) compared to the TomoTherapy MVCT is 
accepted. To investigate whether these MVCTs are appropri-
ate for dose calculation, it was checked whether the relation 
between CT value and electron density depends on the location 
within the patient. The relation of the Oncor MVCT highly 
depends on the location, which results in large deviations of the 
planned dose. Such dependence does not exist for the Tomo-
Therapy MVCT. But, because of an inaccuracy in the recon-
struction, an artifact is visible in the center of all TomoTher-
apy MVCT slices. The impact of this artifact on the dose 
calculation was found to be negligible. It can be concluded, 
that the Oncor MVCT is appropriate for contouring but cur-
rently inappropriate for dose calculation, while the Tomo-
Therapy MVCT can be used for treatment planning. 

Keywords—MVCT, TomoTherapy, Oncor, contouring, dose 
calculation, treatment planning. 

I. INTRODUCTION 

Radiotherapy deals with the problem of prostate patients 
having one or two hip protheses. The metal implants lead to 
artifacts in conventional kVCT data sets. Because of that, 
contouring of the tumor and the organs at risk as well as dose 
calculation in treatment planning is difficult with kVCTs. 

In MVCTs there are no artifacts induced by metal 
protheses, because of the dominating Compton effect in this 
energy range. Therefore it is desirable to use the MVCT 
systems that are parts of the TomoTherapy Hi-Art II treat-
ment system and the Siemens Oncor. These MVCT systems 
are intended to check the patient position prior to treatment. 

It is investigated whether these MVCTs are adequate for 
contouring as well as dose calculation, too. 

II. MATERIALS AND METHODS 

A. Treatment Systems 

TomoTherapy HI-Art II unit: The TomoTherapy HI-Art 
II unit is a treatment system for image guided radiotherapy 
(IGRT). It is constructed like a conventional helical CT 
scanner, except of the accelerator, which delivers a 6 MV 
photon spectrum for treatment and a 3.5 MV photon spec-
trum for imaging. There are three different system settings 
for imaging called “fine”, “normal” and “coarse” related to 
three different pitches of 1, 2 and 3. The field of view has a 
diameter of 39 cm. Like conventional helical CT scanners, 
the TomoTherapy Hi-Art II unit is a fan beam CT. 

Siemens Oncor: The Siemens Oncor is a conventional 
Siemens linear accelerator, which is equipped with a flat 
panel detector. It has the possibility to apply a cone beam 
CT prior to treatment for IGRT using the therapeutic beam 
(6 MV photon spectrum). The field of view has a diameter 
of 27.4 cm. The CT is performed in a 200° rotation from 
270° to 110°. It is possible to choose different reconstruc-
tion kernels. Only the hip smoothing kernel is used here. 

B. Phantoms 

Siemens Image Quality Phantom “Emma“: The Emma 
phantom has a diameter of 18 cm and consists of four dif-
ferent slices [1]. The basic material is solid water. In two 
slices there are inserts of different electron densities. In both 
slices there are five inserts in different size and same elec-
tron density for four electron densities. The largest inserts 
have a diameter of 2 cm. This phantom was used to deter-
mine the contrast-to-noise-ratio. 

Solid water phantoms “easy roll“ and “easy cube“: The 
solid water phantoms easy roll and easy cube, produced by 
Euromechanics, are cylindrical respectively cubic. They 
have a diameter and length respectively edge length of 18 
cm. There are many possibilities to fill these phantoms with 
other materials than solid water. The easy cube was used as 
a basis for dose calculation and verification. 
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Electron density phantom “CIRS model 62”: The elec-
tron density phantom CIRS model 62 consists of two parts 
made of solid water, where 17 inserts of different electron 
densities can be placed in. It is 5 cm thick and the two parts 
are an inner ring and an outer elliptical “ring”, so that the 
whole form is nearly like an abdomen profile. The inserts 
have a diameter of 3 cm and relative electron densities be-
tween 0.191 and 1.512. This phantom was used for the 
calibration between CT value and electron density. 

C. Investigations in Image Quality and Treatment 
Planning 

CNR and CTDIw: The contrast-to-noise-ratio CNR is de-
fined as: 

22
IB

IB CTCT
CNR

σσ +

−
=

                              

(1) 

BCT  and ICT  are the mean CT values of regions of interest 
(ROIs) in the background material and in the inserts. σB and 
σI are the corresponding standard deviations. The ROIs 
have a diameter of 1 cm. Seven CNR values were deter-
mined from the CT images of the second and fourth slice of 
the Emma phantom. 

The dose to the patient was determined as the weighted 
CT dose index CTDIw, which is calculated as [2]: 

peripheralcentralw DDCTDI ⋅+⋅=
3
2

3
1

                   
(2) 

Where Dcentral is the dose at the isocenter in the middle of 
the easy roll phantom and⎯Dperipheral is the mean peripheral 
dose. The peripheral doses were measured at points in 2 cm 
depth of the phantom. For the Oncor 8 equidistant periph-
eral doses were measured because of the asymmetric imag-
ing technique. At the TomoTherapy Hi-Art II unit four 
peripheral doses were measured. 

HU to electron density calibration: For the Hounsfield 
unit (HU) to electron density calibration the CIRS phantom 
was used in the arrangement proposed in [3]. All electron 
densities except of the bone equivalent inserts were twice in 
the phantom, in the inner and the outer ring. For both rings 
separate calibration curves were determined. In the inserts 
ROIs of a diameter of 1.5 cm were defined. In these ROIs 
the mean CT value was determined. For the Oncor a cali-
bration curve for the small inner ring alone has been taken 
as a comparison. The calibration for TomoTherapy was 
determined for the system setting “normal”, at the Oncor the 
protocol with 16 monitor units (MU) was used. 

Dose calculation and verification: Oncor: The treatment 
planning system XiO (release 4.3.3) by CMS was used for 

dose calculation for the Siemens Oncor. Due to the spatial 
dependence of the HU to electron density calibration espe-
cially for low electron densities three calibration curves 
were used for calculating the dose distribution in the easy 
cube filled with 5 cm lung equivalent material on the left 
side and solid water at the rest. These three calibrations 
were the one of the outer CIRS ring, the one of the inner 
CIRS ring and the average calibration. As a reference a 
calculation with the known electron densities of the materi-
als was made. The calculations were performed for a 10 x 
10 cm field at 270° with 200 MU. Additionally the field was 
irradiated on the easy cube and the dose in the isocenter was 
measured with a CC01 ionization chamber (0.01 cm3 vol-
ume) by Wellhöfer. 

TomoTherapy: The TomoTherapy planning system (re-
lease 3.1.2.9) was used. The influence of the characteristical 
artifact in the middle of all slices of TomoTherapy MVCTs 
on the dose calculation was examined. Therefore the easy 
cube filled with solid water was scanned by the TomoTher-
apy system. This data set was used for dose calculation. A 
cylindrical target volume with a diameter of 5 cm was de-
fined around the artifact. The treatment system was re-
quested to find a field geometry for homogeneous dose of 2 
Gy in this cylinder. For determining the influence of the 
artifact, the plan was irradiated on the easy cube and the 
dose distribution in the isocentric coronal slice was meas-
ured with a GafChromic EBT film by ISP. 

III. RESULTS 

A. CNR and CTDIw 

The CNR determined for TomoTherapy “normal” and 
Oncor protocols with 8, 12 and 16 MU are shown in Fig. 1.  
 

 
Fig. 1 CNR of different system settings 
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It can be seen, that for similar CNR as obtained by the To-
moTherapy MVCT an Oncor protocol with 16 MU is 
needed.  

The CTDIw of the TomoTherapy “normal” and the Oncor 
16 MU protocol is 14.3 mGy and 168.5 mGy respectively. 
So, the dose to the patient of a 16 MU protocol is about a 
factor of 12 higher as of TomoTherapy “normal”. 

 
Fig. 2 CT calibration curves for TomoTherapy “normal” 

 
Fig. 3 CT calibration curves for Oncor 16 MU 

B. HU to Electron Density Calibration 

For TomoTherapy the HU to electron density calibration is 
independent of the location of the electron density inserts 
within the CIRS phantom, which is shown in Fig. 2. The 
Oncor calibration highly depends on the location of the 
inserts especially for low electron densities, see Fig. 3. For 
the same relative electron density of 0.191 the CT value in 
the outer ring is 271 HU lower than in the inner ring.  

The calibration curve for the inner ring alone is even 
shifted to higher HU than the others. 

C. Dose Calculation and Verification 

Oncor: In Fig. 4 the reference dose distribution with de-
fined electron densities is shown. The dose distribution with 
the outer calibration shows the smallest difference com-
pared with the one where direct electron density definition 
was used. The largest difference is 5% normalized to maxi-
mum dose. For the inner calibration this value is 13%. Fig. 
5 shows the differences in dose distribution between the 
inner and outer calibration and between outer calibration 
and direct electron density definition. Dose measurement in 
the isocenter, see Table 1, shows best match with outer 
calibration as well. 

TomoTherapy: The difference between planned and 
measured dose shows a higher dose of 1-2% in the plan at 
the location of the artifact, see Fig. 6. The other differences 
are in regions with a high dose gradient or they are the typi-
cal TomoTherapy stripes, which are induced by the helical 
treatment geometry. 

 
Fig. 4 Dose distribution with direct defined electron densities, in the 
background the easy cube with lung equivalent material left can be seen 

 
Fig. 5 Dose differences Oncor for inner - outer calibration, and outer 
calibration - definition, the scale is in Gy 

Table 1 Dose in the isocenter at the Oncor 

Planned dose [Gy] at given calibration Measured dose [Gy] 
outer inner mean value definition  
1.90 1.98 1.94 1.93 1.89 +/- 0.05 
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Fig. 6 Difference between planned and measured dose in the isocentric 
coronal slice for TomoTherapy, the scale is in Gy 

IV. DISCUSSION 

Because of the spectra of TomoTherapy and Oncor, 
which have almost the same most probable energy of ap-
proximately 0.5 MeV [4, 5], it is clear, that the same CNR is 
possible. But the 6 MV spectrum of the Oncor has much 
more photons at high energy than the 3.5 MV spectrum of 
the TomoTherapy, so the CTDIw for the same CNR is in-
creased. 

The dependence of the CT calibration on the position at 
the Oncor is the other way around as spectral hardening can 
lead to, so possibly it is the result of a to strong compensa-
tion of this effect. Because of the best match for the outer 
calibration and the fact, that the calibration of the inner ring 
alone differs more from the outer calibration than the  
normal inner calibration, the usage of phantoms for calibra-
tion, which have the same size like the treated volume is no 
solution. 

The effect, which leads to a higher dose in the plan com-
pared to the film at the place of the artifact in TomoTherapy 
is not clear, because it is not possible to find out, how the 

planning system tries to compensate the artifact, which is a 
black hole with a light ring, while reaching a homogenous 
dose distribution. 

V. CONCLUSIONS 

An Oncor MVCT with 16 MU is suitable for contouring, 
but the CTDIw is much higher than for the TomoTherapy 
MVCT “normal”. 

Due to the position dependence of HU to electron density 
calibration it is impossible to use the Oncor MVCT as a 
basis for dose calculation, in particular because of the unex-
pected influence of the phantom size. 

Because of the position independent HU to electron den-
sity calibration and the small influence of the artifact in a 
very small region the TomoTherapy MVCT is appropriate 
for dose calculation. 
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Abstract—The water absorbed dose in 60Co gamma-rays of 
a Gamma Knife Type C has been measured by the ionometric 
method at the reference point at which water absorbed dose is 
estimated for the radiation treatment planning in Gamma 
Knife radiosurgery. For the measurement, spherical type 
water phantoms have been designed and constructed. The 
measurement results were compared with values obtained  
with ABS plastic phantoms provided by the manufacturer 
(Elektra AB, Stockholm, Sweden). The comparison showed 
that they were different by 1.57 %. The idea of applying a 
conversion factor on the estimation of water absorbed dose 
when the ABS phantom was used has been proposed. The 
Monte Carlo simulation system with EGSnrc code has also 
been applied to obtain the water absorbed dose distribution 
inside a Gamma Knife helmet. To check the feasibility of the 
simulation, the calculations of the point depth dose at the ref-
erence point were compared with those obtained from the 
ionometric measurement in the spherical phantom of several 
radii. The calculated results showed 0.3 % difference from the 
experiment. 

Keywords— Gamma Knife, Absorbed dose to water, Water 
phantom, Monte Carlo simulation 

I. INTRODUCTION  

Absorbed dose to water is the most fundamental but im-
portant quantity in radiation therapy and radiosurgery. In 
general, two protocols for measurement of absorbed dose to 
water are used in radiation therapy with gamma rays or 
electron beams. The American Association of Physicists in 
Medicine published a protocol in 1999 [1] and the Interna-
tional Atomic Energy Agency published an international 
protocol in 2004 [2]. The former protocol is generally called 
TG-51 and the latter TRS-398. For radiation therapy with 
60Co gamma rays, both protocols require calibration of the 
ion chamber in a water phantom and measurement of user 
data in a same or similar water phantom. Other conditions 
for measurements such as source to surface distance (SSD), 

field size (FS), measurement depth and others are well de-
scribed too.  

When we try to apply these protocols to Gamma Knife 
(Elektra AB, Stockholm, Sweden), however, we are con-
fronted with problems in applying the conditions of proto-
cols. Most of all, no water phantom has been used in ab-
sorbed dose to water measurement of Gamma Knife. At this 
point, the dose is usually measured with a plastic phantom 
provided by the manufacturer [3, 4]. Though the different 
radiologic characteristics of the plastic, Acrylonitrile 
butadiene styrene (ABS), from those of water phantom must 
be carefully taken into account, they are neglected in many 
places. Other deviation is that, in Gamma Knife Type C, 
201 gamma ray beams from 201 directions are focused into 
a point instead of being irradiated along a certain direction. 
So, it is not possible to define SSD, FS, and other parame-
ters of the standard protocols. Due to these distractions, we 
have to build specific conditions for a Gamma Knife. 

We measured the absorbed dose to water using water 
phantoms and compared the results with those obtained with 
ABS phantoms. The feasibility of application of TRS-398 in 
Gamma Knife dose measurement was investigated based on 
our measurement. 

II. MATERIALS AND METHODS 

A. Water phantom 

Four spherical shaped water phantoms of water equivalent 
depth of 5, 7, 8, and 9 g/cm2 were designed and constructed 
with PMMA (density = 1.186 g/cm3) (Fig. 1). The wall 
thickness of phantoms was 5.0 mm which corresponds to 
0.59 g/cm2 water depth. The phantom was attached to a 
home-made phantom holder and the holder was fixed to the 
Leksell G-frame (Elektra AB, Stockholm, Sweden). The 
frame was installed on an automatic positioning system of a 
Gamma Knife Type C. A water-proof sleeve made of 1.0 
mm thick PMMA was used to set the ion chamber at the 
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Fig. 1. The water phantom of 8g/cm2 depth is installed on an 8 mm colli-
mator helmet of Gamma Knife Type C. The ion chamber is located at the 
center of the phantom through a water-proof PMMA sleeve. The metal rod 
above the phantom is a probe of the thermometer. 
 
center of the water phantom. The sleeve was designed to set 
the center of the active point of the ion chamber at the cen-
ter of the phantom. The center of the phantom was designed 
to be located at the mechanical center of a Gamma Knife 
collimator helmet when the phantom was properly set by 
the automatic positioning system. 
 
B. Measurement system 

Two sets of measurement were applied for cross-check. 
A set consisted of a PTW 31010 ion chamber and PTW 
UNIDOS-E electrometer (set I). The other set consisted of a 
PTW 31010 ion chamber and Keithley 6517A (set II). Cali-
bration of set I was air kerma based and traceable to nation-
al standards of the German National Laboratory, PTB. Set II 
calibration was based on absorbed dose to water and tracea-
ble to the International Bureau of Weights and Measures 
(BIPM). A Mensor Model 2105 precision barometer 
(MENSOR Corp., San Marcos, USA) was used for pressure 
measurement and an ASL F250 precision thermometer 
(Automatic Systems Laboratories, Croydon, UK) was used 
for temperature measurement. Temperature and pressure 
were measured simultaneously with electric charges of the 
chamber. 

  
C. Measurement 

With a water phantom of depth 8g/cm2, the absorbed 
dose to water at the center of an 18 mm collimator helmet 
was measured. It was measured with one minute time inter-
val using set I and with fixed accumulated charge using set 

II. In addition to the dose rate at the center of the water 
phantom, dose rates at the center of two ABS phantoms 
were measured, too. 

Because of the geometrical distribution of cobalt sources 
of the Gamma Knife, the shape of water phantom should be 
spherical and the dose must be measured at the center of the 
phantom.  As a result, it is not possible to change the depth 
of measurement in a water phantom unless we change the 
size of the water phantom. So, four different size phantoms 
were built and dose rates at each phantom were measured 
with the 18 mm collimator helmet and set II. The results 
were compared with a Monte Carlo simulation values. The 
simulation was performed with the EGSnrc code and only 
one source direction was used instead of 201 multiple direc-
tions. The beam was parallel beam along a cylinder of di-
ameter 10.88 mm. 

III. RESULTS 

A. Absorbed dose to water 

The results of absorbed dose to water measurements are 
given in Table 1. The uncertainties in table I includes statis-
tical uncertainty, the uncertainty of chamber calibration 
factor, the uncertainty of temperature and pressure mea-
surement, the uncertainty of water depth estimation, and 
long term stability of the chambers. The dose rates meas-
ured with the 8 g/cm2 water phantom using set I and set II 
corresponds to each other with 0.1% difference. The dose 
rate measured with the water phantom was 2.152% larger 
than that of ABS phantom I and 0.9889% larger than ABS 
phantom II. But the values were still within the error range 
of the measurement. The dose rate value installed in the 
treatment plan (Leksell Gamma Plan, Elektra AB, Stock-
holm, Sweden) was 1.673 Gy/min. Though it was within the 
acceptable error range (<3%), it was 2.676% larger than 
dose rate measured with a water phantom. 

Table 1. Absorbed dose to water at the center of an 18 mm collimator 
helmet of a Gamma Knife Type C (Gy/min). 

 Set I Set II 

Water phantom (8 g/cm2) 1.719 ± 0.022 1.717 ± 0.004 

ABS phantom I 1.682 ± 0.022 1.692 ± 0.004 

ABS phantom II 1.702 ± 0.022 1.712 ± 0.009 

Gamma Plan value 1.673 - 

 
 

B. Percent depth dose in water phantom 

Dose rates measured with four different size water phan-
toms using measurement set II were shown in Fig. 2 togeth-
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er with Monte Carlo simulation results. Simulation results 
were normalized to the experimental value measured with 8 
g/cm2 water phantom. The percent depth dose (PDD) of 
60Co beams in water with field size 10 x 10 cm and SSD = 
80 cm were reported by Hospital Physicists’ Association 
before [5]. The measured PDD data well agreed with the 
Monte Carlo simulation results within difference of less 
than 0.3%. But, over 9 g/cm2 depth, they showed differenc-
es from PDD of HPA data. This difference should be care-
fully investigated because the Monte Carlo simulation was 
performed with a single direction beam neglecting multiple 
scattering from other 60Co sources of a Gamma Knife. 

 

 
Fig. 2. Percent depth dose data of Gamma Knife Type C 

cobalt beam. The solid line is obtained by a Monte Carlo 
method. The dashed line is reported by Hospital Physicists’ 
Association at source to surface distance at 80 cm and 10 x 
10 cm field size. The solid circles are measured in the cur-
rent study. The error bars of measured points are less than 
the circle. 

IV. CONCLUSIONS  

The absorbed dose to water of a Gamma Knife Type C 
had been measured in water phantoms. Doses measured 
with a water phantom were larger than those measured with 
ABS phantoms but within acceptable range (<3% differ-
ence). In order to remove systematic errors caused by phan-
tom material, absorbed dose to water must be measured in a 
water phantom. Because of the geometry of Gamma Knife 
Type C, it was not possible to reproduce standard conditions 
of TRS-398. An independent protocol of dose measurement 
of Gamma Knife system is mandatory. Or, a conversion 
factor which converts dose rates measured with ABS phan-
tom to water phantom values could be provided by standard 
laboratories. 
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Abstract— Current improvements in radiotherapy require 
methods to evaluate their costs and benefits. A possible 
counterpart of the benefit is the creation of a secondary, 
radiation induced cancer. A new procedure is presented to 
assess the peripheral dose delivered to the patients due to 
photo-neutrons by means of a new on line digital detector. The 
events in the monitor have been correlated with the neutron 
dose by Monte Carlo simulations and experimental 
measurements using CR39 and TLD. This digital detector was 
employed at 6 different linacs, with energies ranging from 6 to 
23 MV, obtaining the doses received in each organ of the 
patient. Additionally, the ambient dose equivalent was 
determined finding values from 0 to 470 mSv for complete 
treatments. 

Keywords— neutron contamination, ambient dose equivalent, 
on line dosimetry. 

INTRODUCTION  

Radiotherapy methodology has been constantly improved 
from advances on Physics and Engineering. This evolution 
has the outcome of a better confinement of the radiation 
dose around the clinical target. In this way, techniques like 
Radiosurgery, Intensity Modulated Radiation Therapy 
(IMRT) or Hadrontherapy have an increasing role in the 
treatment of cancer. Nevertheless, it seems necessary to 

develop additional methods in order to provide adequate 
radiation protection to the patient, that allow to evaluate the 
best strategy for the treatment taking into account the risk-
benefit balance due to the peripheral dose delivered. In 
many of the radiation therapy procedures the peripheral 
unwanted dose is due to photons and neutrons. Although 
photon doses have been deeply studied, following well 
known experimental procedures, the neutron contamination 
from high energy photon beams is still a subject of research 
and discussion. It is anticipated that the level of unwanted 
dose is correlated with the energy of a linear accelerators, 
and in particular, that patients may receive a large total 
body dose of scattered x-ray and photoneutrons, , when high 
energy linear accelerators are used for the treatment of 
deep-seated tumours. It should be therefore expected,  that 
such patients might show a higher incidence of secondary 
malignancies [1-5]. 

MATERIAL AND METHOD 

In this work we introduce a new detector which is based 
on the relation between upsets in digital memories and the 
existing thermal neutron fluence. This method is not sensi-
tive to photons, it is far from being saturated and its results 
can be obtained in real-time [6]. To infer the patient dose  
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                   Fig. 1 Anthropomorphic phantom. 

 
from the detector readings we have acquired an extensive 
data collection of experimental dose measurements based 
on passive detectors (TLD and CR39) in 16 specified points 
inside a designed anthropomorphic phantom [Fig 1].  

This work includes 6 different linac models, with 
energies ranging 6-23 MV and several treatment modalities. 
Because of RBE (relative biological effectiveness), neutrons 
hold a particular significance. In consequence, for an ade-
quate organ damage assessment, knowledge of the neutron 
energy spectrum is crucial for equivalent dose evaluation 
[7]. Neutrons encountered in treatment rooms have, in gen-
eral, radiation weighting factors ranging from 2.5 to 20. 
This would imply that for the same absorbed dose neutrons 
are approximately 2.5-20 times as biologically damaging as 
photons. Accordingly, moderate neutron doses can produce 
relevant biological effects. Out-of-field photon dose is typi-
cally larger than neutron dose [8], but due to the radiation 
weighting factor, neutrons may be the dominant source of 
tissue damage from secondary radiation in some locations 
[9]. For this reason, neutron spectra at all specified points in 
the phantom, for all treatments, modalities and linacs, have 
been obtained by Monte Carlo simulation using MCNPX-
2.4.0. In addition, experimental measurements were per-
formed with Bonner spheres system to estimate the ambient 
dose equivalent due to neutrons. Finally, we have used the 
device in clinical routine for patient evaluation, obtaining 
neutron organ doses.  

RESULTS 

Figure 2 represents the spectrum for one of the points 
calculated. Equivalent doses delivered by the neutrons in 
different points of interest in the phantom, for several se-
lected complete treatments, have been determined using the 
corresponding evaluated spectrum together with the CR39 
and TLD measurements in dedicated exposures. In these 
exposures, the number of events was simultaneously ac-
quired with the digital device. Figure 3 shows, as an exam-
ple, the results of the correlation between events measured 

in the digital device and neutron equivalent dose per Gy in 
the target volume irradiated for a head and neck case.  

In real patient treatments, the number of events recorded 
in the digital device was registered. The above mentioned 
correlation, obtained from in-phantom dedicated measure-
ments during treatments similar to the real ones, allows es-
timating the neutron dose at any organ of the patient to cor-
relate with the risk probability for acquiring a second can-
cer, as a consequence of the treatment. On the other hand, 
using the data of ambient dose obtained with the Bonner 
spheres, correlated with the measured value in the digital 
detector, we have found for total treatments, neutron doses 
from 0 to 470 mSv for the range of energies studied in sev-
eral hundreds of patients 

CONCLUSIONS  

We have developed a procedure for the assessment of neu-
tron doses during radiotherapy using the readout of a digital 
device. The development of this methodology has involved 
the measurement of neutron doses in points of interest 
within an anthropomorphic phantom. Additionally the full 
Monte Carlo simulation of the neutron spectra in the phan-
tom points was performed, which allows to estimate the 
neutron dose equivalent in the organs of interest. In this 
way it was possible to correlate the real-time readings of 
the digital device with neutron organ doses for each treat-
ment type and modality. It is important to emphasize that 
this  procedure  is  more accurate than  the  overestimations  

 
 
Fig. 2 Calculated lethargy plot of the relative fluence of neutrons in 
a location inside the head (depth = 9cm) in a head and neck treat-
ments for treatments in 15, 18 and 23 MV. 
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Fig. 3. Dose equivalent and number of events for a head treatment. 
The dots represent the equivalent doses in each location inside the phan-
tom. The horizontal lines represent the measured value in the digital de-
tector. 
 

based in ambient dose equivalent. The collected data for 
different linacs, energies, treatment types and room dimen-
sions have permitted us, so far, to evaluate the neutron or-
gan doses of several hundreds of patients, for any therapy 
conditions, based in the readings of the NEUTOR digital 
device. Values of ambient dose equivalent ranging from 0 to 
470 mSv have been obtained for a complete treatment. This 
represents an inestimable clinical assistance to optimize the 
treatment strategy , based on risk-benefit considerations in 
patients under radiotherapy. 
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Summary—A successful method for the mathematical de-
scription of the lateral dose profiles of narrow photon beams 
for IMRT treatment is herewith presented. Based on the mea-
surement of dose profiles in homogeneous water equivalent 
absorbers and on their analysis by deconvolution in Fourier 
space, the Lorentz function 1/(x²+ ²) has been identified, in a 
good approximation, as the convolution kernel of narrow 
photon beam dose profiles [1,2,3]. Its full half width is 2 and 
its lateral tails are more strongly expressed compared to Gaus-
sian kernels. Convolutions of this kernel with rectangular and 
wedge-shaped photon fluence profiles have been performed 
analytically, and good agreement of the resulting lateral dose 
profiles with measured dose profiles has been obtained at 
accelerators of various manufacturers by adjusting the  val-
ues. Complete knowledge of all measured profiles has been 
stored in condensed form by storing the  values, which vary 
with the size of the effective photon source of the accelerator, 
with photon energy and with absorber thickness. Lateral dose 
profiles of photon beams have also been measured in inhomo-
geneous absorbers, e.g. in a water equivalent phantom with an 
air layer of variable thickness in between phantom plates. By 
Fourier analysis, each dose profile measured at the bottom of 
such air layer has been identified as the sum of two compo-
nents, one due to the secondary electrons moving away from 
the upper phantom plate, the other due to backscattered sec-
ondary electrons originating from the lower phantom plate. 
The variation of these components as a function of air layer 
thickness has been quantitatively evaluated in order to facili-
tate dose calculations for points at the bottom of an air-filled 
cavity.  

 
Keywords—Lorentz convolution kernel, narrow photon beams, 

homogeneous and inhomogeneous media. 

I. INTRODUCTION 

One of the fundaments of IMRT treatment is the accurate 
numerical description of the lateral dose profiles of narrow 
photon beams. Experimental lateral dose profiles in homo-
geneous water equivalent absorbers, measured with a high-
resolution Si diode [4], have been analyzed using Fourier 
transform methods, and the Lorentz function 

 K(x)   =   ( / ) [1/(x² + ²)]                        (1)  

has been identified, in good approximation, as an accurate 
description of the 1 D convolution kernel [1, 2, 3]. (Factor 
( / ) serves for normalizing this kernel to unit area.) The 
Lorentz function is bell-shaped, with full half width 2 ; 
therefore  may be termed the "kernel width parameter". 
Compared with a Gaussian distribution of the same full 
half-width, the lateral tails of the Lorentz function are more 
strongly expressed. This feature of the Lorentz function 
kernel is approximately equivalent to a convolution kernel 
shaped as the sum of three Gaussians of different width [5]. 
Parameter (z) represents the influence on the kernel by the 
size of the effective photon source of the accelerator as well 
as the widening of the kernel with increasing absorber depth 
z due the transport of secondary electrons and scattered 
photons [1]. In the present paper we want to demonstrate 
the wide range of applications of the Lorentz function con-
volution kernel to describe narrow photon beam dose pro-
files. 

II. APPLICATIONS TO HOMOGENEOUS MEDIA 

In practically homogeneous absorbing media such as the 
soft tissues, narrow photon beam dose profiles along an x 
axis are described by convolving a rectangular photon flu-
ence profile of width 2a with the Lorentz function convolu-
tion kernel given by eq. (1). The result of the convolution is 
the relative dose profile 

D(x)/D(0) = [arctg (a/  + x/ ) + arctg (a/  -x/ )]/(2 arctg a/ )   (2) 

which is easy to handle both on PC's and pocket calculators. 
Its shape, i.e. its half-width and penumbra width, are deter-
mined by the two parameters a and . A set of experimental 
dose profiles from our accelerator Siemens Primus 6/15 as 
well as from Varian, Elekta and Cybernife accelerators has 
been fitted by eq. (2), and high fitting accuracy has always 
been obtained at D(x)/D(0) values  20 % in the range of a 
= 1.5 to 30 mm [1]. Below D(x)/D(0) = 20 %, small correc-
tions due to, e.g., MLC transmission radiation are some-
times required. Fig. 1 shows one of many examples where 
we have successfully applied eq. (2) to fit own data as well 
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as the narrow-beam photon dose profiles published by other 
authors.  
 

 
Fig. 1 Lateral dose profile D(x)/D(0) of a 6 MV photon beam. Comparison 
of original data read out from Fig. 7 of Cashmore [6] with the profile 
calculated by eq. (2). Field size: 50 x 50 mm², depth: 100 mm in water.  = 
1.98 mm; a = 26.2 mm. 

If wedge-shaped photon fluence profiles proportional to 
Cx + D, with C = slope of the wedge, are convolved with 
the Lorentz kernel K(x), the result can as well be expressed 
analytically: 

 
 

(3) 
 

The good fit of eq. (3) with experimentally determined 
wedged dose profiles is illustrated in Fig. 2. 
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Fig. 2 Wedge-shaped lateral dose profile D(x)/D(0) of a 6 MV photon 
beam. Comparison of original data read out from Fig. 8 of Cashmore [6] 
with the profile calculated by eq. (3). Field size: 200 x 200 mm², depth: 
100 mm in water.  = 2.25 mm; a = 104.2 mm, C /D = - 0.018. 
 

Since eqs. (2) and (3) have been derived using the flex-
ible Lorentz function convolution kernel and by algebraic 
convolution with realistic photon fluence profiles, they have 
a large range of application. Moreover the fact that the Fou-
rier transform of eq. (1) has the simple form 

                          FT[K(x)] = exp (- 2   x)                        (4) 

with x = spatial frequency in the x direction, shows that 
convolutions with K(x) can easily be performed in Fourier 
space. E.g., using the Fourier convolution theorem, the 
convolution of two Lorentz kernels with parameters 1 and 

2 is yielding a Lorentz kernel with the combined parameter 
 1 + 2. 

 
III APPLICATIONS TO INHOMOGENEOUS MEDIA 

Experimental dose profiles have also been measured in 
inhomogeneous absorbers, i.e. water equivalent phantom 
plates with a variable air layer in between. The thickness of 
the air layer has a strong influence upon the shape of the 
dose profiles measured at the bottom of the air layer, see 
Fig. 3, upper and lower panel. 

 
 

 
 

 
Fig. 3 Lateral dose profiles of 15 MV photons at 10 mm field width (ooo), 
expressed as the current of a scanned Si diode at constant radiation output 
rate of the linear accelerator Primus 6/15. The profiles were measured at 
the bottom of an air layer of thickness 10 mm (upper panel) resp. 50 mm 
(lower panel) between RW3 phantom plates (upper phantom layer: 20 mm, 
lower phantom layer: 200 mm). According to Fourier analysis of the 
convolution kernel, these profiles have been decomposed to consist of the 
contributions by forward directed secondary electrons from the upper 
phantom plate (+++) and by backscattered electrons from the lower phan-
tom plate (----). 
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As to be expected physically, the convolution kernel ob-
tained by Fourier analysis of the measured dose profiles of 
Fig. 3 (ooo) is a sum of the form  

FT[K(x)] = pb  exp (- 2  f x) + pb exp (- 2  b x)    (4) 

with terms associated with forward-moving ( f) and back-
scattered secondary electrons ( b). The values of FT[(x)] at 
spatial frequency x = 0 are the areas under the two parts of 
the kernel, and pb is the fraction of the total area contributed 
by backscattered electrons. As to be expected from the 
physical situation, a substantial lateral broadening of the 
dose contribution by forward-moving electrons has been 
observed (Fig. 3). This means that f strongly increases with 
thickness of the air layer, while b remains constant. In 
normal space, K(x) is a convolution kernel consisting of a 
sum of two Lorentz functions of the type of eq. (1), but with 
different values of f b and with weight factors (1-pb, pb). 
 

When a composite kernel of the type of eq. (4) is con-
volved with a rectangular fluence profile, the result is a sum 
of two terms of the type of eq. (2). Fig. 3 shows how the 
dose profiles measured at the bottom of the air layers were 
accordingly decomposed into the contributions by forward-
scattered electrons (+++) and backscattered electrons (----). 
Table 1 gives an overview of the parameters which we have 
determined for various thicknesses of the air layer at 15 
MV. An interesting result is that not only parameter f but 
also the nominal field width af strongly increases with in-
creasing thickness of the air layer. Physically, this can be 
explained by a projection of the source area of the forward-
moving electrons into the air layer.  

Table 1. The parameters determined at 15 MV and for a field width of         
10 mm by decomposing the dose profiles measured behind air layers of 
different thickness (see Fig.3) into two contributions of the form of eq. (2), 
attributable to forward-moving and backscattered secondary electrons. 
Symbols are explained in the text. 

 
air layer 
[mm] 

af 
[mm] 

f 
[mm] 

ab 
[mm] 

b 
[mm] 

pb 

0 3.99 2.4 5.10 0.87 0.20 
5 6.04 3.5 5.10 0.87 0.20 
10 7.40 4.6 5.10 0.87 0.20 
15 9.45 5.7 5.10 0.87 0.20 
20 11.73 6.9 5.10 0.87 0.20 
30 14.69 9.6 5.10 0.87 0.20 
40 17.65 12.6 5.10 0.87 0.20 
50 14.58 16.2 5.10 0.87 0.22 

 
Another feature of the dose profiles measured behind air 

layers of different thickness is that the area under the abso-

lute values of the lateral dose distribution is slightly, but 
continuously decreasing with increasing thickness of the air 
layer (ooo in Fig. 4). We think that this reflects the absorp-
tion of low-energy secondary electrons in the air layer. The 
amplitude of the lateral dose distribution is decreasing more 
dramatically (  in Fig. 4) due to the lateral broadening of 
this distribution with increasing air layer thickness. 

Fig. 4 Dependency of the diode current I [nA] and the area A under the 
current profile [nA*mm], both measured at constant radiation output rate of 
the accelerator, versus air layer thickness for 15 MV photon radiation 
(same conditions as in Fig. 3). 

This study of the dose profiles obtained behind air lay-
ers inserted between RW3 phantom plates has shown that 
the convolution kernel is now a composite one, made up by 
the contributions of forward moving and backscattered 
electrons. However, the lateral dose profiles can still be 
calculated by application of eq. (2) when parameter values 
such as those put together in Table 1 and Fig. 4 are known.  

IV. CONCLUSIONS 

The success of the Lorentz function convolution kernel 
represented by eq. (1) is due to the fact that its mathematical 
form was derived by backtransformation from the approxi-
mately exponential Fourier spectrum of the kernel, eq. (4). 
For homogeneous absorbers, the variable parameters a, , C 
and D of eq. (2) and (3) have a defined physical meaning, 
and they can be freely chosen to optimize curve fitting. 
Therefore the dose profiles measured in homogeneous ab-
sorbers can be closely represented by equations based on 
convolution integrals of the Lorentz function kernel. Com-
plete knowledge of all measured profiles has been stored in 
a condensed form by storing the appropriate  values. 
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For inhomogeneous absorbers, i.e. RW3 phantom plates 
with an air layer in between, Fourier analysis of the lateral 
dose distributions has indicated that the convolution kernel 
is in this case made up from two components representing 
the forward-moving and the backscattered secondary elec-
trons. Consequently, each dose profile measured at the bot-
tom of an air layer has been identified as the sum of two 
components, one due to the secondary electrons moving 
away from the upper phantom plate, the other due to back-
scattered secondary electrons from the lower phantom plate. 
Thereby, dose values at the bottom of air-filled cavities can 
now in principle be calculated by application of eq. (2) if 
the relevant parameters are known. Similar results have 
been obtained for 6 MV photons. 
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Abstract—Introduction: A new device has been developed 
for image-guided Stereotactic Body Radiation Therapy 
(SBRT).  The Vero SBRT System (known as “TM2000” in 
Japan), a joint product of MHI (Mitsubishi Heavy Industries 
Ltd., Tokyo, Japan) and BrainLAB (BrainLAB AG, Feldkir-
chen, Germany) utilizes a rotating, rigid ring structure to 
integrate a beam delivery platform and image guidance sys-
tems.  An inline 6 MV C-band LINAC with MLC is mounted 
on orthogonal gimbals that are in turn built into the ring struc-
ture.  An electronic portal imaging device (EPID) and two kV 
imaging devices are also integrated in the ring.  Opening com-
missioning measurements and stereotactic “hidden target” 
tests were performed to assess dosimetric and targeting cha-
racteristics as well as clinical capabilities of this SBRT dedicat-
ed device.   

Materials and Methods: Percent depth dose curves and 
beam profiles were measured in a water phantom and subse-
quently analyzed in accordance with industry standards.  
Additional characteristics including dose and dose rate  linear-
ity, relative output with varying field size, and output constan-
cy with gantry angle were also evaluated.  A commercial ste-
reotactic phantom (LucyTM, Standard Imaging, Middleton, 
WI) was used to assess end-to-end localization accuracy of the 
image guidance system (through a “hidden-target” test) and 
for a comparison of absolute and relative dose against treat-
ment planning calculations. 

Results: The essential characteristics of the Vero are com-
mensurate with modern stereotactic requirements. Dosimetric 
characteristics are similar to other dedicated SRS/SBRT units, 
and end-to-end localization tests indicate sub-millimeter tar-
geting accuracy.  

Conclusion: We have conducted preliminary commissioning 
and assessment of a novel device for image guided SBRT.  
Additionally, the integration of a gimbaled treatment beam, 
2D and 3D imaging, tracking capabilities and real-time feed-
back provide unique opportunity to develop and implement 
advanced SBRT delivery techniques.   

Keywords— SBRT, image guidance 

I. INTRODUCTION 

 The Vero (BrainLAB AG, Heimstetten, Germany) is a 
new device developed for image-guided Stereotactic Body 
Radiotherapy (SBRT).  Novel features of this device in-
clude an o-ring gantry (seen in Figure 1) that provides high 
structural stability and is capable of a +/- 60 degree “skew” 

about the vertical axis.  A 6MV C-band LINAC and MLC 
are mounted on two orthogonal gimbals that are integrated 
into the ring structure.  These gimbals allow for “pan” and 
“tilt” rotations of the treatment head.  The ring produces 
rigid stability for the gimbal system, and the gimbal system 
provides active compensation for residual ring distortion as 
well as pursuit irradiation capabilities.  For image guidance, 
an electronic portal imaging device (EPID) and two kV 
imaging devices with flat panel detectors are also integrated 
into the ring.  The development and integration of these 
systems is proposed for static and 4D image guided SBRT 
[1] [2].   
 

 
 

Fig. 1 Positioning of the PTW water phantom. Leveling was performed 
using the pan-and-tilt functions of robotic couch. 
 

II. MATERIALS AND METHODS 
 

Depth-dose and beam profile measurements were taken 
in a PTW “MP3” water phantom.  A PTW spherical pin-
point ionization chamber (model 30016) and a UNIDOS 
electrometer [PTW, Freiburg, Germany] were used to 
measure ionization.  Gantry and ring rotations were both 
initially set to zero degrees, and positioning and leveling of 
the water phantom was performed using the integrated ro-
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botic couch (Figure 1).  For preliminary measurements, pan-
and-tilt gimbals were also set at no rotations.   

To characterize the treatment beam energy spectrum, 
depth dose profiles and output factors were measured for 
field sizes of 2x2, 5x5, 10x10, and 15x15 cm2.  For each of 
these field sizes, in-plane and cross-plane beam profiles 
were measured for at depths of 1.5, 5, 10, 15, and 30 cm.  

Output dependence on field size was measured for 2x2, 
3x3, 4x4, 6x6, 8x8, 10x10, 12x12, and 15x15 cm2 field 
sizes.  Dosimetric linearity with varying monitor units and 
dose-rate was also observed with these measurement condi-
tions.   

The gimbal-mounted linac can be used for tumor track-
ing, and it is expected that dosimetric parameters will 
change as the beam is rotated away from the central axis.  
We assessed changes in both depth dose and off axis cha-
racteristics by tilting a 5x5 cm2 beam through an angle of 
0.85 degrees, producing a linear shift of 1.5 cm on the sur-
face of the water phantom (100 cm SSD).  Depth dose and 
off-axis characteristics were then re-measured for this 
“gimbal-tilted” beam.   

In addition to these water phantom-based measurements, 
output constancy with gantry angle was measured using the 
pinpoint chamber and electrometer.   

Finally, a commercial stereotactic phantom (LucyTM, 
Standard Imaging, Middleton, WI) was used to assess end-
to-end localization accuracy of the image guidance system 
(through a “hidden-target” test) (Figure 2). A thin slice (1 
mm) CT scan was obtained of the phantom and exported to 
the treatment planning system. A 5 mm radio-opaque ball 
near the center of the phantom was contoured, and an iso-
center was established at the center of the ball. The plan 
information was transferred to the image guidance sub-
system on the Vero, and orthogonal kV radiographs were 
subsequently acquired. Because the kV imaging system is 
integrated with the gantry ring, radiographs can be obtained 
at any angle, though the relationship between the two kV 
axes is fixed at 90 degrees.  To optimize visualization of 
localization fiducials contained in the Lucy phantom, the 
ring was rotated such that the kV imaging systems were 
oriented ± 45 degrees with respect to the vertical axis. Radi-
ographs were obtained, and localizations fiducials were 
identified and subsequently registered with those from the 
DRRs to determine the translations necessary for localizing 
the target at the machine isocenter.  The MLC was colli-
mated to a field size of 1 x 1 cm2, and a series of beam-eye-
view images were obtained at multiple gantry and ring an-
gles using the MV imaging panel (Figure 3). Images were 
analyzed to determine overall targeting accuracy. 

 

 

Fig. 2 Lucy phantom in stereotactic frame positioned on the robotic couch (left). Coronal reconstruction showing the “hidden target,” a 5 mm radio-
opaque sphere (center), and corresponding digitally reconstructed radiograph (right). Note alignment fiducials in the bottom hemisphere of the phantom. 
 
 

III. RESULTS 
 

Figure 4 shows measured depth dose curves for three 
field sizes. There is small shift in the depth of maximum 
dose (Dmax) towards the surface as the field size is re-
duced.  For the 10x10 cm2 field, the percent depth dose at 

10 cm (PDD10x) was 65.2%. Measured data are consistent 
with Kamino et al’s description of the ultrasmall C-band 
linear accelerator guide [1].   
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Fig. 3 Hidden target BEV images for the 12 ring and gantry combina-
tions indicated. 

 

 
 

Fig. 4 Percent depth dose for 2x2, 5x5 and 10x10 cm2 fields, measured 
at a source-to-surface distance of 100 cm. 
 

The percent depth dose characteristics of the 5x5 cm2 
beam  “tilted” 1.5 cm away from the central axis on the 
surface of the water phantom and the centered 5x5 cm2 
beam (with no rotation of the gimbals) are plotted in 
Figure 5.  The percent depth dose levels of the tilted beam 
were within 2% of centered beam for all depths. 

In-plane profile measurements of 2x2, 5x5, 10x10, 
and 15x15 cm2 square beams as measured at a depth of 10 
cm (Source to Detector Distance of 110 cm) are plotted in 
Figure 6. In-plane profiles of a “tilted” 5x5 cm2 beam at 

depths of 1.5, 5, 10, 15, and 30 cm are plotted in Figure 7.  
Characteristics of these centered and tilted beam profiles 
at a depth of 10 cm are shown in Table 1.   
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Figure 5. Percent depth dose for 5x5 cm2 fields, measured at an SSD of 
100 cm. One PDD curve is from a field that has been “tilted” 1.5 cm on 
the surface of the water phantom using the gimbal mechanism.   
 

 
 

Fig. 6 In-plane beam profiles measured at 10 cm in a water phantom. 
 
Output dependence on field size is tabulated in Table 2 

and plotted in Figure 8.  For comparison with another 
dedicated radiosurgery device, the output dependence on 
field size for a Novalis radiosurgery linac [BrainLAB, 
Feldkirchen, Germany] at our institution are also pro-
vided. Output variation with gantry angle was measured 
to be less than 0.6%. Dose linearity with different Moni-
tor Units and dose rates are tabulated in Tables 2.  

Analysis of hidden target images (Figure 3) indicate 
excellent end-to-end IGRT localization capabilities, with 
a maximum observed displacement of 0.4 mm. 
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Table 2. Linearity with MU and Dose Rate 

 

Monitor 
Units 

Linearity (norma-
lized to 100 MU) 

Dose Rate 
[MU/min] 

Linearity (normalized 
to 400 MU/min) 

5 1.018 100 1.010 
10 1.006 150 1.006 
20 1.006 200 1.005 
50 1.001 250 1.003 
100 1.000 300 1.001 
200 0.998 400 1.000 
500 0.972   

 

 

Fig. 7 In-plane profiles of a gimbal-rotated 5x5 cm2 beam measured at 
1.5, 5, 10, 15, and 30 cm depths.  The beam was shifted a distance of 1.5 
cm in the isocenter plane using the “tilt-rotation” gimbal mechanism. 
 

Table 1 Beam profile statistics 
2 x 2 cm2 Cross-Plane In-Plane 

penumbra (-) [mm] 3.5 3.7 
penumbra (+) [mm] 3.6 3.7 

FWHM [cm] 2.16 2.23 
5 x 5 cm2   

penumbra (-) [mm] 4.1 4.2 
penumbra (+) [mm] 4.1 4.1 

FWHM [cm] 5.48 5.54 
10 x 10 cm2   

penumbra (-) [mm] 4.7 5.0 
penumbra (+) [mm] 4.7 5.4 

FWHM [cm] 10.98 11.05 
15 x 15 cm2   

penumbra (-) [mm] 5.1 5.4 
penumbra (+) [mm] 5.1 6.1 

FWHM [cm] 16.49 16.51 
flatness [%] 1.73 1.91 

symmetry [%] 100.41 101.21 
5 x 5 cm2 “tilted”   

penumbra (-) [mm] 4.1 4.4 
penumbra (+) [mm] 4.0 4.6 

FWHM [cm] 5.47 5.58 

 
 

Fig. 8 Output dependence on field size for the Vero and Novalis radi-
osurgery linac. 
 

V. CONCLUSIONS 

We have conducted preliminary commissioning and 
assessment of a novel device for image guided SBRT. 
Depth dose and relative output characteristics are similar 
to other dedicated radiosurgery linacs; flatness and 
symmetry are well within industry specifications. 
Performance of the Vero is commensurate with modern 
stereotactic requirements. Additionally, integrated 2D and 
3D imaging, tracking capabilities, and real-time feedback 
provide unique potential for developing advanced 
delivery techniques aimed at improving clinical SBRT 
applications.  
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vide sub-millimeter end-to-end targeting accuracy. 
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Abstract— By the end of 2008, clinical trials of heavy-ion 
radiotherapy for shallow-seated tumors have been carried out 
for seven times and 82 selected patients have been treated with 
80-100 MeVu-1 carbon ions supplied by the Heavy Ion 
Research Facility in Lanzhou (HIRFL) at the Institute of 
Modern Physics, Chinese Academy of Sciences (IMP-CAS) 
since November, 2006. A passive irradiation system for 2D 
layer-stacking method and a dose optimization method for 
radiotherapy with carbon ions have been developed. The 
present paper will describe the approach of how we carry out 
the treatment of shallow-seated tumors. Experimental 
verification of longitudinally therapeutic dose distribution was 
conducted under the condition of simulating patient treatment 
in the therapy terminal at HIRFL. The experimental and 
clinical results indicate that the therapy system is effective and 
the heavy ion radiotherapy for superficially-placed tumors at 
IMP is successful. 

Keywords— heavy ion cancer therapy, irradiation system, 2D 
layer-stacking irradiation, shallow-seated tumor, 
HIRFL 

I. INTRODUCTION 

Heavy ion beams attract more and more interests in 
radiotherapy because of their excellent instinct [1]. Heavy 
ions exhibit an inverted depth dose profile, the so-called 
Bragg curve, which deposits the maximum dose at the end 
of the penetration range. Thus, it is possible to inactivate the 
target tumor cells while sparing the normal tissues beyond 
of the target. On the other hand, the relative biological 
effectiveness (RBE) is increased towards the peak region 
because of the significantly increasing of the linear energy 
transfer (LET) of heavy ions toward to the end of their 
range. This makes heavy ion radiotherapy a promising 
modality for treating deep-seated and radio-resistant tumors. 

In the Heavy Ion Research Facility in Lanzhou (HIRFL) 
at the Institute of Modern Physics, Chinese Academy of 
Sciences (IMP-CAS), clinical trials of heavy ion 
radiotherapy have been conducted seven times since 
November, 2006 using carbon-ion beams of 80 and 100 
MeVu-1 [2]. By the end of 2008, 82 patients with 
superficially-seated tumors have received carbon ion 
treatment at IMP and exciting clinical results haven been 
obtained. This paper will report the details of the carbon ion 

therapy for superficially-placed tumors at IMP using 2D 
layer-stacking irradiation method and the experimental 
verification of therapeutic depth dose distributions. 

II. MATERIAL AND METHODS 

A. Irradiation system at HIRFL 

A passive beam delivery system (Fig. 1) was adopted 
since the HIRFL complex is a cyclotron supplying ions with 
constant energy. A pair of orthogonal scanning magnets 
supplied with 75 and 45 Hz zigzag periodic currents is used 
to produce a transversely uniform irradiation field. The 
beam shutter, range shifter and detectors are connected with 
electronics (or computers) for remote control in the 
operating room. 

 
Fig.1 A schematic diagram of the irradiation system installed in the 

shallow-seated tumor therapy terminal at HIRFL with a series of passive 
beam shaping devices in the treatment room (a) and an irradiation control 

system in the control room (b). 

B. 2D layer-stacking method 

The 2D layer-stacking irradiation method used at IMP is 
similar to the 3D conformal layer-stacking irradiation 
described by Y. Futami at the National Institute of 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/  2009. 
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Radiological Sciences (NIRS), Japan [3]. The main 
difference between the two methods is that we need not 
change the aperture contour of collimator for each layer in 
2D layer-stacking irradiation, while in 3D layer-stacking 
method dynamic multi-leaf collimator (DMLC) should 
change the leaves’ positions to match the cross section of 
the tumor perpendicular to the beam eye’s view in each 
layer. The other equipments including mini-ridge filter (or 
ripple filter), range shifter and compensator (or bolus) are 
the same for the two methods. The mini-ridge filter in our 
study extends the pristine Bragg peak to a Gaussian-shaped 
mini spread-out Bragg peak (SOBP) with FWHM of 4 mm 
[4]. Several mini SOBPs should be stacked to form a full 
SOBP in order to cover the extent of a solid tumor in depth. 

To delivery a homogeneous biologically effective dose to 
a target, relative biological effectiveness (RBE) value 
should be taken into account in the physical dose 
optimization process. The RBE model in our optimization 
code is based on the model developed by Zaider and Rossi 
[5], which is also used by T. Kanai [6] in the ridge filter 
design. The dose weights and planned physical absorbed 
dose of each mini SOBP supplied by this code were used as 
parameters of irradiation control system. In actual 
irradiation, the physical dose should be transferred to the 
counts of the plastic scintillator detector for dose control 
(Shown in Fig. 1). Thus dose calibration factor (i.e. 
counts/Gy) was measured in the mini SOBP region before 
treatment every day. When the preset count is reach, ion 
beam was shut down by the beam shutter and range shifter 
changed the thickness for next depth irradiation. 

C. Dose verification 

The verification of therapeutic doses using a carbon-ion 
beam of 100 MeVu-1 was conducted in a way that absorbed 
doses in water, which is the main component of tissue, were 
measured under the condition of patient plans with a special 
configuration of water tank and ionization chamber. Due to 
the energy degradation of the vacuum window and air gap, 
the energy of the therapeutic beam was determined to be 
95.1 MeVu-1 at the iso-center according to the location of 
the Bragg peak in water (23.2 mm). In the patient plans, the 
expected SOBP widths and layer thickness were defined to 
be 1 cm and 2 mm, respectively. So six mini SOBPs would 
be needed to sweep the expected SOBP region. In this study, 
two kinds of dose distributions, i.e. the uniform physical 
absorbed dose 1 Gy and the uniform biological effective 
dose 2.8 GyE in the SOBP region, were measured. 

III. RESULTS 

A. Dose verification 

As shown in Fig.2, the planned and measured depth dose 
distributions basically coincided with each other. For the 
patient plan of uniform biological effective dose 2.8 GyE 
across the 1cm SOBP, and parameters in the linear-

quadratic model for V79 cells irradiated with X-rays and 
carbon ions as biological data [7] and the expected 
biological effective dose value in the SOBP region were 
input to the optimization process. Note that in Fig. 2(b) the 
measured biological effective dose is not measured by cell 
colony assay, but the product of the measured physical dose 
and the RBE profile generated from the optimization code. 
The deviations between the planned and the measured depth 
dose distributions are 4.1% and 3.5% respectively for 
the two cases. 
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Fig. 2 The measured and planned depth dose distributions in the two cases 
of uniform physical dose 1 Gy (a) and uniform biological effective dose 2.8 

GyE (b) expected in a SOBP region of 1 cm width. 
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B. Clinical trials 

By the end of 2008, 82 patients were treated at the 
therapy terminal of HIRFL for different kinds of tumors 
including squamous cell carcinoma, basal cell carcinoma, 
malignant skin melanoma, sarcoma, lymphoma, skin breast 
cancer, metastatic lymph nodes of carcinomas etc. Most of 
the tumors disappeared after treatment and the local control 
rates were more than 90%. Obvious side-effects and local 
recurrence were not observed. Fig. 3 shows a typical case of 
the clinical result of the heavy ion radiotherapy for shallow-
seated tumors at IMP. 

 

  
 

Fig.3 The right heel of a patient with skin squamous cell carcinoma 
before treatment with carbon ions at HIRFL (left panel) and 5 months after 

the treatment (right panel). 
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Abstract— In order to evaluate the performance of radio-
chromic films, irradiation of the known dosage of the high 
energy x-rays to films by the radiotherapy system is essential. 
The evaluation examination must be performed in addition to 
consultation hours, an operation engineer's participation is 
required, and the problem of costs, such as electricity cost and 
overtime pay, also occurs. In this study, we examined whether 
the performance of radiochromic film could be evaluated 
easily in a laboratory by ultraviolet light exposure to radio-
chromic film and measuring the density, without using a radia-
tion therapy system. The radiochromic film model, 
GAFCHROMIC EBT dosimetry film (International Specialty 
Products) was used. As a source of ultraviolet light, the fluo-
rescent light lamp (Black light, FL20 S-BLB-A, Toshiba) with 
a peak wavelength of 352 nm was used. In order to connect the 
data of high energy x-rays irradiation and ultraviolet light 
exposure, the conversion factor to the absorbed dose of the 
ultraviolet light exposure time is required. The data of the 
absorbed dose - density by high energy x-rays irradiation was 
prepared. The data of the exposure time - optical density by 
ultraviolet light exposure was also prepared. Curve fitting to 
them was performed by a fitting model. The four-parameter 
logistic-log model was employed as a curve fitter. The conver-
sion factor from exposure time to absorbed dose was calcu-
lated from comparison of two fitting curves, and the value was 
about 925 seconds/Gy. The ultraviolet light exposure data of 
the calculated absorbed dose by the conversion factor - optical 
density showed good conformity with the data of high energy 
x-rays irradiation. This result shows that the density response 
curve of EBT equivalent to high energy x-rays irradiation was 
able to be obtained in a laboratory without radiological protec-
tion. 

Keywords— Radiochromic film, GAFCHROMIC EBT, high 
energy x-rays irradiation, ultraviolet light, density 
response curve. 

I. INTRODUCTION  

Radiochromic film is one of the dosimeters which bear 
important roles supporting radiotherapy, which has become 
more highly developed in recent years. The dosimetry in 
radiotherapy is important work which has direct influence 
on radiotherapy doses for patients, and is indispensable to 
QA (quality assurance) of medical treatment and QC (qual-

ity control). Radiochromic film (RCF) has been used for 
many years as a two-dimensional radiation detector for 
dosimetry in radiotherapy. The commercially available RCF 
today is the GAFCHROMIC dosimetry film (GAF) manu-
factured by ISP (International Specialty Products, Wayne, 
NJ). Currently, two types of GAF MD-55-V2 and EBT are 
available for high energy x-rays. In order to evaluate the 
performance of GAFs, irradiation of the known dosage of 
high energy x-rays to the film by a radiotherapy system is 
essential. The evaluation examination must be performed in 
addition to consultation hours, an operation engineer's par-
ticipation is required, and the problem of costs, such as 
electricity cost and overtime pay, also occurs. In this study, 
we examined whether the performance of GAF could be 
evaluated easily in a laboratory by ultraviolet light (UV) 
exposure to the film and measuring the density, without 
using a radiation therapy system. Most RCFs are sensitive 
to UV radiation in varying degrees producing colorations, 
which may be used specifically for UV radiation dosimetry 
or cause unwanted reactions during x-ray or γ-ray dosimetry. 
Butson et al. showed that MD-55-2 in solar and fluorescent 
light sources responds almost exclusively to broad-band UV 
(290-320 nm) radiation, visible and low level infrared radia-
tion [1]. Therefore, EBT contains an active, radiation-
sensitive, polymer between two protective layers of polyes-
ter, which minimizes effects of ultraviolet exposure. How-
ever, since the film provides the measurement of adequate 
relative absorbed dose for clinical radiotherapy x-ray as-
sessment in the 1-2 Gy dose range, the use of EBT was 
attempted in this study [2]. 

II. MATERIALS AND METHODS 

A. Gafchromic film 

EBT was created for use in external beam dose verifica-
tion, and is advertised by the manufacturer to be more sensi-
tive than MD-55.  EBT used in these investigations (Lot No. 
37122-021) consisted of five layers where the clear polyes-
ter was assumed to be MylarTM as employed in the MD-55 
film [3]. EBT has absorption maxima centered around 583 
and 635 nm. 
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B. UV light exposure 

As a source of UV light, the fluorescent light lamp 
(Black light, FL20 S-BLB-A, Toshiba) with a peak wave-
length of 352 nm was used. EBT sheets were cut into 20 
mm × 35 mm pieces as samples for irradiation. A sample 
was placed at a 400 mm distance to a black light. Two 
methods for exposure to samples were performed. One of 
them was the one-sided exposure which exposes only one 
side, and the other was the double-sided alternate exposure 
which changes the exposure side of a film at the halfway 
point of exposure time. The exposure times to the samples 
were set to 60, 120, 180, 240, 300, 420, 600, 720, 900, 1800, 
2700, 3600, 4500, 5400, 6300, and 8100 seconds. In order 
to connect the data of x- ray irradiation and UV light expo-
sure, the conversion factor to the absorbed dose of UV light 
exposure time is required. 
 
C. High energy x-rays irradiation 

The data of the absorbed dose - density by high energy x-
rays irradiation was prepared as follows. The samples with 
the same size and batch number as the above-mentioned 
samples of EBT were irradiated with a 6 MV photon beam 
from a MEVATRON77 DX67 accelerator (Toshiba Medical 
Systems Co.). They were placed at the isocenter plane of the 
accelerator, in a source-to-axis distance setup at a distance 
of 100 cm. A 10 cm×10 cm field size at the isocenter was 
used. The samples were covered with a 5 cm thick block of 
Solid Water phantom (RMI-457) and a 15 cm thick block 
was placed below the films, to provide sufficient backscat-
ter. The samples were irradiated to the following doses: 0.3, 
0.5, 0.7, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10 Gy. 

 
D. Densitometry 

The samples were scanned with a flat-bed document 
scanner, ES-2200 (Seiko Epson Corporation, Nagano, Ja-
pan) in transmission mode. A scanning resolution of 150 dpi 
was used. The obtained image data of samples from ES-
2200 were converted to RGB pixel values, and the Red 
pixel values were used in the analysis. Unexposed and ex-
posed (irradiated) samples were scanned eight times using 
the same parameters and the last five scanned images were 
averaged. All measurements for exposed samples were 
carried out 6 hours later after the exposure. The following 
process was performed in order to obtain OD independent 
of a scanner output characteristic. The density step tablet 
(Fujifilm Co., Ltd.) was scanned by ES-2200. By the scan-
ning, the relationships between pixel values of ES-2200 and 
known optical densities (ODs) of density step tablet are able 
to be obtained. A curve which has the best fit to the rela-

tions was found by a curve fitting function, Rodbard, which 
is a four parameter general curve proposed by David Rod-
bard at The National Institutes of Health. Pixel values of 
digitized sample images by the scanner were converted to 
OD by the fitting curve. These processes  were performed 
using the software ImageJ (Version 1.38x, National Insti-
tutes of Health). Net optical density (net OD) in a sample is 
obtained by subtraction of its unexposed OD from its ex-
posed OD. 

 
E. Conversion factor to the absorbed dose of UV light 
exposure time 

The conversion factor to the absorbed dose of UV light 
exposure time was obtained as follows. Curve fitting to a 
series of data points, net OD-absorbed doses by high energy 
x-ray was performed by a four-parameter logistic-log model 
[4]. The form of the equation is given by 
 
 

                                                                                       (1) 
 
 
where a, b, c and d are parameters. 

Curve fitting to a series of data points, net OD-UV light 
exposure time, was also performed by the equation (1) with 
a, b, and d which were equal to values as high energy x-ray. 
The conversion factor cuv-x was calculated as follows 

x

uv
xuv c

c
c =−                                                                   (2) 

where cuv and cx are parameter c of UV light exposure and 
of high energy x-ray irradiation, respectively. Obtained data, 
netOD - converted absorbed dose of UV light exposure, 
were compared with that of high energy x-ray irradiation. 
 

III. RESULTS 

A. Post-exposure density growth 

The post-UV exposure density growth of EBT has been 
investigated. The results indicated that the growth was es-
sentially complete within 6 hours after the UV exposure and 
was of the same degree as high energy x-ray exposure. 

 
B. Curve fitting 

Figs. 1, 2 and 3 show results of curve fitting to a series of 
data points, net OD-absorbed doses by high energy x-ray 
and netOD-UV light exposure time (one-sided and double-
sided) by a four-parameter logistic-log model. 
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Each curve which had the good fit (coefficient of deter-
mination: R2 > 0.999), were found. 
 

C. Dose response curves and sensitivity 

The density response and sensitivity of high energy x-
rays irradiation, one-sided UV exposure, and double-sided 
alternate UV exposure were shown in Figs. 4 and 5 respec-
tively. cuvs of one-sided UV exposure and double-sided 
alternate UV exposure were 921.7 sec/Gy and 932.9 sec/Gy 
respectively. 

Three density response curves were well in agreement. 
The clear difference was not measured, although it was 
forecast that the density response characteristics of one-
sided exposure and double-sided alternate exposure differed 
since ultraviolet rays were very easily absorbed. Simultane-
ous UV exposure to both sides of EBT may reduce irradia-
tion time by half. 
 

D. Coefficients of variation of net OD 

The coefficients of variation of net OD of high energy x-
rays irradiation, one sided UV exposure, and double-sided 
alternate UV exposure were shown in Fig. 6. The coeffi-
cients of variation of UV exposure were almost equal to 
those of high energy x-ray irradiation except for the data of 
0.3 Gy which has a 2% difference. 

 As mentioned above, the evaluation of the density re-
sponse characteristic of EBT is possible by UV exposure. 
Shortening of exposure time is a future subject. 
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Fig. 1 Curve fitting to a series of data points, net 
OD-absorbed doses by high energy x-ray 
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Fig. 1 Curve fitting to a series of data points, net 
OD-absorbed doses by high energy x-ray 

Fig. 2 Curve fitting to a series of data points, 
netOD-UV light exposure time (one-sided )
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Fig. 3 Curve fitting to a series of data points, 
netOD-UV light exposure time (double-sided )
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IV. CONCLISION 

The method of creating density by UV exposure was 
tried for characteristic analysis or performance management 
of EBT. The conversion factor to the absorbed dose of UV 
light exposure time was able to be obtained using curve 
fitting of a four-parameter logistic-log model to density 
response data of UV exposure and high energy x-ray irra-
diation. The conversion factor enabled evaluation of the 
density response characteristic of EBT by UV exposure. 
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Fig. 4 The density response curves of high energy 
x-rays irradiation, one-sided UV exposure  and 
double-sided alternate UV exposure 

Fig. 5 The sensitivity curves of high energy x-rays 
irradiation, one-sided UV exposure  and double-
sided alternate UV exposure 

Fig.6 The coefficients of variation of net OD of 
high energy x-rays irradiation, one-sided UV 
exposure, and double-sided alternate UV 
exposure 
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Abstract— Objective: To evaluate clinical targeting preci-
sion in fiducial-free spinal treatments with a robotic radiosur-
gery system (Cyberknife). 

Methods: For assessment of spine tracking system perfor-
mance, we conducted phantom tracking tests on cervical and 
thoracic vertebrae. We retrospectively evaluated intrafraction 
patient movement for cervical (47), thoracic (90) and lumbar 
(90) treatments. A conservative measure for the expected tar-
geting error due to patient motion was derived.  

Results: The phantom tests show that spinal targets are de-
tected with an accuracy of <0.2 mm for the translational and 
<0.3° for the rotational directions. The mean targeting error 
per beam due to residual patient motion is determined to be as 
low as 0.28+/-0.13 mm (X), 0.25+/-0.15 mm (Y), 0.19+/-0.11 
mm (Z) for translational shifts and 0.40+/-0.20° (roll), 0.20+/-
0.08° (pitch) and 0.19+/-0.08° (yaw) for rotations. Interestingly, 
the tracked spine section is of little significance for the overall 
targeting error due to motion, which is below 1 mm for more 
than 95% of our spinal treatments (median: 0.48 mm). 

Conclusions: We could demonstrate that image-guided 
spinal radiosurgery with the Cyberknife allows for sub-
millimeter precision in treatment delivery despite of patient 
motion.  

Keywords— Spinal radiosurgery, intrafraction patient motion, 
Cyberknife, image guidance, tracking. 

I. INTRODUCTION  

Spinal radiosurgery aims to deliver high radiation doses 
to confined target volumes in close proximity to critical 
structures such as the spinal chord.  In order to achieve high 
precision without stereotactic fixation of the patient, sophis-
ticated image guidance techniques are applied for correction 
of inter- and intrafraction patient motion. 

The Cyberknife (CK) is a radiosurgery system that is 
comprised of a 6MV Linac mounted on a 6-axis robot, and a 
stereoscopic kV image guidance system. The patient is 
positioned on a 5-axis treatment couch between a pair of 
orthogonal x-ray systems, which consist of on-floor 
amorphous silicon detectors and ceiling-mounted diagnostic 
X-ray sources. For spinal targets, the position and orienta-
tion of the treated vertebrae are identified by image-to-
image registration [1] of live stereoscopic X-ray images 

with digitally reconstructed radiographs (DRRs). The DRRs 
are generated from the patient CT scan acquired for treat-
ment planning. In this manner, the target position is moni-
tored periodically (“tracked”) during treatment. Typically, 
more than 100 non-isocentric, non-coplanar beams are deli-
vered to the target, which are realigned automatically by the 
robot according to the current patient position. 

At our institution, we apply a single-fraction concept for 
our spinal treatments with the CK. Due to high prescription 
doses of around 20 Gy to the target-covering isodose vo-
lume and treatment times above one hour, the image-guided 
compensation of intrafraction patent motion is crucial. As a 
matter of principle, patient motion in between imaging 
acquisitions cannot be picked up by a stereoscopic X-ray 
system. This residual patient movement translates into a 
slight misalignment error of each beam with respect to the 
target, which is superposed on the inherent error of the 
tracking system due to accuracy limits. 

We determine the contribution of residual patient motion 
to the targeting error in a retrospective analysis of over 200 
single-fraction spinal treatments with the CK. As a prere-
quisite, the accuracy of the CK spine tracking mode is as-
sessed in phantom experiments. The impact of residual 
patient motion on treatment delivery is discussed. 

II. METHODS 

A. Phantom tracking tests 

An anthropomorphic head and neck phantom with seven 
cervical vertebrae is CT-scanned and reference DRRs are 
generated. For the tracking test, the phantom is firmly at-
tached to the nozzle of the CK linac head. The robot moves 
the phantom to defined positions in the imaging system 
frame of reference. The cervical spine section of the phan-
tom is used as tracking target. For each stereoscopic image 
acquisition, the deviation of the tracked spine section from 
the reference position is calculated as a 6-dimensional vec-
tor d, which consist of 3 translational– x, y, z (left/right, 
anterior/posterior, superior/inferior) – and 3 rotational com-
ponents ,  and  (roll, pitch, yaw). Results are compared 
to the known phantom position. 
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Another test is performed with the spine section of a tho-
rax phantom as tracking target. For this purpose, the phan-
tom is positioned on the treatment couch. 

B. Analysis of residual patient motion 

227 single-fraction spinal treatments were randomly se-
lected. All treatments were performed with the patient 
placed on the treatment couch in supine position, without 
vacuum bags or alpha cradles. Cushions or knee rests were 
used for comfort. For most treatments of the upper cervical 
spine, the head was stabilized by application of a thermop-
lastic mask. On average, 174 beams were delivered per 
treatment and X-ray imaging was performed every 1.5 mi-
nutes. The 6-dimensional deviation vectors are extracted 
from treatment log files. 

The residual patient motion is given by the difference be-
tween two successive vectors dn and dn+1. We attribute this 
difference as a targeting error i to each individual beam i 
delivered in between imaging step n and n+1: 

 (1) 

By this conservative definition, the actual error for all pa-
tient movement in the interval [dn- i; dn+ i] is overesti-
mated. 

 

Fig. 1. Translations – cervical (CSp) and thoracic (TSp) spine phantom 
tests. Results are means of 10 measurements. Standard deviations (~ 0.1 

mm) are omitted for better readability. 

We introduce the “total targeting error” total as a single 
quality measure for the impact of residual patient motion on 
a specific treatment: As a simplification, all beams are as-
sumed to be targeted at the maximum dose point, which is 

located in the lesion. For each beam, the rotational errors 
are accounted for by rotating these target coordinates 
around the predefined tracking center. Adding translational 
offsets gives the “actual” beam target during treatment deli-
very. The distance to the nominal target coordinates (in 
mm) is used as the absolute targeting error per beam. By 
averaging over all beams of a treatment, the “total targeting 
error” total is calculated. Thus, this value represents a con-
servative measure of the overall geometric uncertainty due 
to patient motion. 

The 227 analyzed treatments were grouped into cervical 
(47), thoracic (90), and lumbar (90) according to the loca-
tion of the treated lesion. Mean values (+/- standard error of 
the mean) for each group have been calculated to investigate 
the dependence of the targeting error on the tracked spine 
section. 

 

Fig. 2. Roll and pitch – cervical (CSp) and thoracic (TSp) spine phantom 
tests. Results are means of 10+ measurements. Standard deviations are 

~ 0.1° for pitch and ~ 0.2° for roll values. 

III. RESULTS 

A. Phantom tests 

In clinical use, deviations of more than 10 mm in the 
translational directions, 1° roll and pitch as well as 3° yaw 
from the reference position require repositioning of the 
patient due to a software limit. Therefore, we have covered 
this range of translations and an extended range of rotations 
in our phantom experiments. 

For translations, the image guidance system shows a li-
near behavior for both phantoms (fig. 1). All measured 
mean values are off the nominal value by less than 0.2 mm 
with a standard deviation of ~ 0.1 mm.  
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Fig. 3. Translational targeting error due to residual patient motion. Treat-
ment group mean values +/- standard error of the mean are given. 

Mean values for cervical spine yaw are off by less than 
0.12° over the range of -5° to +5° with standard deviations 
smaller than 0.15°. Absolute pitch deviations are underesti-
mated for both phantoms by up to 0.15 +/- 0.1° for a nomin-
al value of +/- 1° (fig. 2). The roll measurements show larg-
er standard deviations than pitch and yaw of up to 0.2° for 
absolute values within [-1°; +1°]. A linear data fit shows 
that roll offsets are underestimated by about 25 percent 
(fig. 2). This systematic error is exceeded by the statistical 
uncertainty for the major part of the [-1°; +1°] interval. 

 

Fig. 4. Rotational targeting error due to residual patient motion. Treatment 
group mean values +/- standard error of the mean are given. 

B. Residual patient motion 

In total, the translational component of patient motion 
causes an average targeting error of approximately 0.5 mm 
(fig. 3), which is the same for all treatment groups within 

the statistical range. Movement in inf/sup direction contri-
butes least (~ 0.2 mm). Left/right and ant/pos shifts result in 
a targeting error of the same size for cervical and lumbar 
lesions (0.25 to 0.3 mm). Only for the thoracic spine, the 
contribution of shifts in left/right direction is significantly 
larger than of ant/pos displacements.  

Rotational patient shifts in pitch and yaw direction show 
an almost identical behavior (fig. 4): On average, the con-
tribution is highest in cervical spine treatments (0.22 +/- 
0.01° pitch and 0.21 +/- 0.02° yaw) and is slightly decreas-
ing for lower spinal sections. The targeting error due to the 
detected patient roll is twice as high as for the other axes. 
The roll deviations for thoracic and lumbar treatments are 
significantly higher (0.42 and 0.43 +/- 0.02°) than for le-
sions in the cervical spine (0.34 +/- 0.02°). 

 
To understand this behavior, a more refined analysis is 

required (fig. 5): A polynomial fit of the combined roll data 
shows that the exact position of the tracking center (or the 
target, respectively) within the lower spine has a major 
impact on target roll movement. Patient roll movement is at 
a maximum (0.45 to 0.5°) for lesions in the spine section 
between the 11th thoracic and the 2nd lumbar vertebral body. 
Furthermore, the amount of roll movement is found to con-
tinually increase from low values for the upper cervical 
vertebrae (~ 0.3°) to the maximum. 

 

Fig. 5. Roll targeting error due to residual patient motion in dependence of 
the tracking center location. Each data point corresponds to one treatment. 

The mean total targeting error total includes both transla-
tions and the impact of rotations depending on target posi-
tion. For more than 95% of our spine treatments, this error 
is below 1 mm with a median of 0.48 mm (fig. 6). 
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IV. DISCUSSION 

For CK spinal treatments with skeletal structure tracking, 
our group has previously reported a total system accuracy of 
0.52 +/- 0.22 mm [2]. Here, we have demonstrated in phan-
tom tests that the CK image-guidance system for spine 
tracking is highly accurate and contributes less than 0.2 mm 
in each translational direction. In order to achieve a compa-
rable precision using fiducials, 3 or more have to be im-
planted when a small perturbation of 0.1 mm for the posi-
tion of an individual marker is assumed [3]. Considering the 
additional risk of fiducial migration and the need for an 
invasive procedure, this strongly argues for treating spinal 
lesions with CK skeletal structure tracking. 

  

Fig. 6. Distribution of the total targeting error total for 227 spinal treat-
ments. 

In a study of patient motion patterns, Hoogeman et al [4] 
analyzed 11 spine treatments in supine position. In some 
cases, displacements of the patient were reported to exceed 
1 mm within a 3 minute time span, arguing for a high imag-
ing frequency during treatment. Our analysis of more than 
200 treatments shows that a residual targeting error of lower 
than 1 mm can be consistently achieved by monitoring the 
target position in 1.5 minute intervals. The actual error is 
expected to be lower for two reasons: Firstly, we have ap-
plied a conservative approach in calculating the residual 
targeting error, intended to overestimate the beam misa-

lignment with respect to the patient. Secondly, the stochas-
tic component of patient motion leads to mistargeting in 
random directions. Due to the large number of beams deli-
vered in a typical treatment, an offset of one beam can be 
partly compensated by another with a different offset, thus 
reducing the overall error in dose deposition. 

Somewhat surprisingly, we found little difference in the 
residual patient motion for different sections of the spine, 
with the exception of roll rotations. We attribute the high 
roll stability in treatments of the upper cervical spine to the 
use of a thermoplastic mask for head stabilization. Increased 
roll shifts in the thoracic and upper lumbar spine may be 
explained by a small contribution of respiratory motion, 
whereas the lumbar vertebrae 4 and 5 are stabilized by their 
proximity to the pelvic bone. 

V. CONCLUSIONS 

We have demonstrated that the CK tracking system is 
able to precisely target spinal lesion without the need for 
marker implants. Frequent monitoring of the target position 
and the adaption of beam directions during treatment allows 
for sub-millimeter precision in treatment delivery despite of 
intrafraction patient movement. 
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Electron arc planning on the commercial radiation treatment planning system  
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Abstract— A commercial radiation treatment planning sys-
tem, Pinnacle3, has been prepared for the electron arc treat-
ment with a Varian machine. For this purpose, a new physics 
machine was commissioned for the exclusive electron arc ther-
apy. The electron arc plan was made with multiple static 
beams with fixed interval. The phantom measurements were 
executed with a MOSFET and EBT films. The resulting plan 
shows an impressive dose distribution, however, in-vivo do-
simetry for a few representative points should be proceeded  
before treatment to be sure of the calculation accuracy.  

Keywords— electron arc, RTPS, commissioning, dose accuracy  

I. INTRODUCTION  

Electron arc treatment, where the gantry with beam-on 
states rotates constantly between two predefined angles, can 
have advantages of more homogeneous dose distribution 
compared to the stationary electron beam for wide and near-
surface tumors like chest wall [1-3]. Most linear accelera-
tors provide the option of electron arc irradiation, while few 
commercial RTPS are not equipped with the electron arc 
plan function. Here, we present the pseudo-arc plan tech-
nique, a summation of multiple static beams with a fixed 
interval, and evaluate the calculation accuracy.  

II. MATERIALS AND METHODS  

Electron 6 MeV of Varian 21 EX and the Pinnacle 7.4f 
were used for the whole process. Linac provided code and  
aperture trays were used for the RTPS commissioning and 
electron arc irradiation (Fig. 1), where the code tray signals 
the machine is under an electron arc mode. The insertion of 
two trays makes the jaw open automatically by 10 x 35 cm2. 
The cutout with Cerroband was molded to 6 x 25 cm2 at 
isocenter.  

First, since the existing physics machine for the usual 
electron applicators is not applicable for the dose prediction 
with two trays, data were newly obtained for the RTPS 
commissioning by measuring the minimally required PDDs, 
lateral profiles and relative outputs with different SSDs.  

Since the RTPS do not provide the electron arc mode, a 
composite of static beams with constant angular interval 

was made as a pseudo arc plan. The dosimetric accuracy of 
the calculation were confirmed by film and MOSFET 
(Thompson and Nielson, Canada) measurements with an 
anthrophomorphic phantom. DoseLab [4] and Gafchromic 
EBT film (ISP, Wayne, NJ) were used for the film do-
simetry.  

 

     

Fig. 1 Code (left) and aperture (right) trays for the electron arc treatment 
with a Varian machine. The cutout dimension is user-defined as 6 x 25 cm2 
at isocenter.  

III. RESULTS AND DISCUSSION  

The Pinnacle3 has been commissioned for the exclusive 
electron arc planning. Figure 2 shows the arc plan on the 
humanoid phantom, where the arc was composed of static, 
multiple beams with 5o interval with the 6 x 25 cm2 electron 
arc applicator. Monitor units were equally distributed 
among the beams and adjusted for the prescription.  

 

 
Fig. 2 A pseudo electron arc plan. Multiple static beams were applied with 
a 5o interval.  
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Calculation and MOSFET measurements agreed to 
within 10%  and the film dosimetry also showed a similar 
results (Fig. 3).  

These underestimation of the RTPS might come from the 
incomplete simulation of the lateral profiles during the 
modeling process. Every simulation for the measured pro-
files showed about 8% discrepancy around the profile edges 
such that the calculated profiles showed abrupt drop to zero 
contrary to the smooth decrease of the measurements. An-
other source for the inconsistency could be attributed to the 
unsatisfying pencil beam calculation algorithm.  

 
 

Fig. 3 Comparison of the calculated and EBT film measured profiles. The 
film was imaged with the Vidar scanner. 

Recently, a pencil beam redefinition algorithm has been 
suggested for the successful electron arc therapy, where 2 
mm, 3% dose prediction was obtained [5]. Also, monte 
carlo (MC) calculation can be another solution for the arc 
plan since the accuracy of MC is not surpassed and the 
calculation for electron treatment takes much less time than 
that for photon case.  

However, since, at present, the electron arc plan system 
is not available in clinics, the approach we adopt here would 

be useful for electron arc therapy. Pre-treatment in vivo 
point dose measurements on a few points must be executed 
to make sure of the plan accuracy.  

IV. CONCLUSIONS  

We have commissioned the commercial planning system 
for the exclusive electron arc treatment. From the MOSFET 
and film dosimetry, the delivered dose was larger than the 
calculation by about 10%. Dose distribution calculated by 
the newly commissioned RTPS acts as a useful guidance for 
the treatment as long as the in-vivo point dosimetry for a 
few representative points are executed before beam delivery.  
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Abstract— One of the issues that a planner is often facing in 
HDR-brachytherapy, is the selective existence of high dose 
volumes around some few dominating dwell positions. This 
effect can be eliminated by limiting the free modulation of the 
dwell times. HIPO, a state of the art inverse treatment plan 
optimization algorithm, offers this possibility. The quality of 
12 clinical HDR brachytherapy implants for prostate utilizing 
HIPO and modulation restriction has been compared to alter-
native plans with HIPO and free modulation. All common 
dose-volume indices for the prostate and the organs at risk 
have been considered together with COIN and EI. The radio-
biology based EUD has been evaluated for all volumes of inter-
est and used for comparison as well. Our results demonstrate 
that HIPO with a modulation restriction value of 0.1-0.2 deliv-
ers high quality plans which are practically equivalent to those 
achieved with free modulation. In the comparison, all the 
dosimetric, conformity based and EUD parameters produced 
compatible results. The modulation restricted clinical plans 
demonstrated a lower total dwell time by a mean of 1.4% that 
was proved to be statistically significant (p=0.002). 

 Keywords— prostate HDR brachytherapy, inverse optimiza-
tion, HIPO, modulation restriction. 

I. INTRODUCTION  

Modern inverse optimization technology such as HIPO 
enables a very fast adjustment of the source dwell time 
distribution within implanted catheters according to user-
defined objectives and penalties for the target volume(s) and 
the organs at risk (OARs) in HDR brachytherapy. This 
adjustment generally does not take care of any smoothness 
criterion for the variation of dwell times within catheters. It 
is a common result for HDR implants optimized with such 
algorithms that there a few very dominating dwell positions 
where the largest part of the total dwell time is spent. This 
leads obviously to a selective extension of high dose vol-
umes around such dwell positions. If there is no information 
available about its necessity (e.g. location of a GTV), then it 
is reasonable to investigate whether this can be avoided. 
HIPO offers a unique modulation restriction option that 

limits the free modulation of dwell times according to a 
user-selectable level (0 to 1.0). The aim of our study is to 
investigate the influence of that modulation restriction on 
the quality of the achieved clinical treatment plans for HDR 
brachytherapy as monotherapy for prostate cancer. 

II. MATERIALS AND METHODS 

Twelve clinical implants for HDR brachytherapy of pros-
tate cancer, as monotherapy for low-risk or boost therapy in 
combination with external beam for intermediate risk cases, 
have been selected out of our clinical routine in Strahlenk-
linik in Offenbach cover a wide area of prostate volumes, 
26-101 cm³. The summary of characteristics of all 12 im-
plants is given in Table 1. 

Table 1 Summary of the characteristics of the 12 clinical implants of HDR 
brachytherapy of prostate. ASDP: Active Source Dwell Position. MR: 

Modulation Restriction  

 
Our clinical procedure is totally 3D ultrasound based us-

ing the real time intraoperative planning system Oncentra 
Prostate (OcP, Fa. Nucletron B.V., The Netherlands). We 
are using the MicroSelectron HDR Vs. 3 afterloading sys-

Case
No 

Prostate
(cm³) 

No Cathe-
ters 

Source   
Step (cm) 

No 
ASDPs 

ASDPs per 
cm³ 

MR-
Value 

# 1 26 16 0.25 217 8.3 0.15 
# 2 27 14 0.25 183 6.8 0.20 
# 3 36 14 0.25 197 5.5 0.10 
# 4 36 15 0.25 195 5.4 0.20 
# 5 38 14 0.25 188 4.9 0.10 
# 6 42 15 0.25 209 5.0 0.15 
# 7 48 14 0.25 239 5.0 0.12 
# 8 63 16 0.25 259 4.1 0.15 
# 9 64 18 0.25 309 4.8 0.12 

# 10 76 15 0.25 283 3.7 0.10 
# 11 80 18 0.25 313 3.9 0.10 
# 12 101 18 0.25 352 3.5 0.20 
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tem with 30 channels and an 192Ir source of initially 10 Ci 
activity (initial source strength of 40.82 kU). 

The HIPO inverse Planning and Optimization algorithm 
[1,2] is implemented in OcP Vs. 3. HIPO is offering the 
possibility of anatomy based inverse optimization of a given 
implant (catheters in place) based on linear objective func-
tions for targets and organs at risk (OAR) by adjusting the 
dwell times of all the active source dwell positions (ASDPs) 
within the catheters. In addition HIPO can propose a cathe-
ter placement and the corresponding dwell time pattern of 
the source movement within the catheters that is best fulfill-
ing all the user defined objectives. In the present study we 
have utilized the former option by considering only final 
clinical implants and clinically applied treatment plans. 

In order to get restriction of the free modulation of dwell 
times allowing thus more smooth source movement and 
more smooth distribution of dwell time over dwell posi-
tions, HIPO offers the unique option of a modulation re-
striction (MR) parameter, the dwell time gradient restric-
tion. This parameter can take values in the range from 0 to 
1, where 0 corresponds to a free modulation of dwell times 
and 1 to the maximal possible modulation restriction. An 
adequate objective function, expressing the variation of 
dwell times within catheters, is utilized by HIPO for the 
inverse optimization. In our clinic we consider prostate as 
the PTV (CTV 1) and urethra, rectum and bladder as OARs. 
Our dosimetric protocol is listed in Table 2. 

Table 2 Clinical Protocol in Offenbach for HDR monotherapy 

Parameter Value 

Reference Dose 11.5 Gy (=100%) 
D90-Prostate  100 % (= 11.5 Gy) 
V100-Prostate  90 % 
V150-Prostate  35 % 
D10 - Urethra  115 % (= 13.2 Gy) 

D0.1cm³ - Urethra  120 % (= 13.8 Gy) 
D10 – Rectum  &   D10 – Bladder  75 % (= 8.6 Gy) 

D0.1cm³ - Rectum  &   D0.1cm³ - Bladder  80 % (= 9.2 Gy) 
 
 All clinical implants have been inversely planned using 
HIPO with the MR parameter values listed in Table 1. Dur-
ing the clinical procedure, the MR values that were selected 
are the maximum values, which could lead to plans that 
completely fulfill our protocol (Table 2). For each of these 
12 implants an additional plan without modulation restric-
tion was produced for the purposes of our study. The dose 
volume histograms (DVHs) for both plans, without (theo-
retical) and with (clinical) modulation restriction, were 
calculated and stored for further analysis. 

 All the relevant dose-volume parameters for the pros-
tate and the OARs have been considered as dosimetric indi-
ces. In addition to these, the conformal index COIN [3,4] 
and the external volume index EI [5] have been included in 
the comparison of the different plans. 
 Finally we considered the generalized equivalent uni-
form dose (EUD) [6-11] as a radiobiological parameter for 
comparing the very inhomogeneous dose distributions of 
the HDR brachytherapy implants. It has been shown that for 
permanent prostate implants in low-risk prostate cancer, 
EUD is a good predictor for biochemical control [8]. 
 The values of the different indices and parameters re-
sulted using HIPO with a modulation restriction (clinical 
plans, Table 1) and HIPO without any modulation restric-
tion (MR value=0) have been compared using the student 
paired t-test, two-sided statistical method. 

The generalized EUD 

For any dose distribution the corresponding Equivalent 
Uniform Dose (EUD) is the dose (in Gy), which when dis-
tributed uniformly across the target volume, causes the 
survival of the same number of tumor clonogen cells [6]. 

The generalized EUD for a structure of interest (target, 
OARs) can be derived from the corresponding differential 

dose volume histogram (DVH):    a
N

i

a
ii DvEUD /1)(  

where vi= Vi/V is the volume fraction of the i-th dose bin 
receiving a dose Di, and the sum is over the total number of 
dose bins N. V is the sum of all Vi. The exponent  is a 
structure-specific parameter which is generally negative for 
tumors and positive for normal tissue and OARs.   

 For prostate cancer  values of of -4 [8,9] and -10 
[10,11] have been used in EUD analyses. For rectum and 
bladder the value of =6 has been used [10]. Li et al. used 
an  value of 8.33 for rectum [7]. There is no reference in 
the literature for the  value of urethra. We assume here that 
urethra and bladder have similar  values. We have investi-
gated the influence of the selection of  value for all tissues. 

III. RESULTS 

Tables 3 and 4 summarize the results for the prostate and 
the urethra. For prostate there are some values that are 
shown to be significant lower when using modulation re-
striction (p<0.05) although the absolute difference of those 
values are always less than 1% (Table 3). For urethra all 
parameter values are reduced when using modulation re-
striction but only for V100 this is found to be significant. For 
rectum the results are more or less equivalent. For D10 and 
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D2cm³ the modulation restriction results in significantly 
lower values, p=0.037 and 0.039 respectively, although the 
absolute difference is 0.20%. For bladder, all the parameter 
values are reduced when using modulation restriction, simi-
larly to urethra. D10 and D2cm³ demonstrate a significant 
reduction when using the restriction option (p=0.007 and 
0.01 respectively). 

Table 3 Mean values and variance of the different dose–volume 
parameters for the prostate (PTV) using HIPO with and w/o modulation 

restriction. 

Table 4 Mean values and variance of the different dose–volume 
parameters for the urethra using HIPO with and w/o modulation restriction. 

Parameter HIPO Mean Value (%) Variance (%) P-value 
w 117.3 3.2 D1 w/o 118.1 2.3 0.074 

w 112.3 2.9 D10 w/o 112.5 3.6 
0.226 

w 114.3 2.8 D0.1cm³ w/o 114.6 3.1 0.079 

w 60.7 90.2 V100 w/o 63.1 110.0 0.008 

w 4.7 7.9 V115 w/o 5.4 10.5 
0.360 

 

 Figure 1 and 2 compare the results of COIN for the two 
different plan categories. In the case of COIN considering 
only the target the observed differences (slightly higher 
COIN values when no restriction is used) are not signifi-
cant. When OARs are also considered in COIN these differ-
ences become significant (p<0.05) with the plans using the 
modulation restriction resulting in higher COIN values. The 
results of EI (Figure 3) demonstrate that the plans using 
modulation restriction result in significant lower values. 
This means that the use of restriction leads to dose distribu-

tions with less extension of the reference isodose outside the 
target volume. 
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Fig.1 Comparison of the COIN values considering only target (PTV) for 

the plans with and without modulation restriction.  
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Fig.2 Comparison of the COIN values considering also all the OARs for 

the plans with and without modulation restriction.  

1 2 3 4 5 6 7 8 9 10 11 12
0.00

0.02

0.04

0.06

0.08

0.10
p = 2.064E-4

E
I

# Implant

 w Restriction

 w/o Restriction

 

Fig.3 Comparison for the EI values for the plans with and without modula-
tion restriction.  

 Table 5 summarizes our results of the EUD calculations 
for the prostate tissue. For =-8 and -10 the EUD values are 
significantly lower when using modulation restriction al-
though the absolute differences are only of the order of 0,1 
Gy. This is compatible to the results presented in Table 3. A 
value of  =-10 seems to be appropriate for prostate. For 
rectum a value of =6 results in significant differences in 
EUD values among the two groups of plans with lower 
EUD values when using modulation restriction. Similar 
results are achieved for bladder. Again =6 results in sig-
nificant lower EUD values when using modulation restric-
tion even if the absolute difference is <0.1 Gy. For urethra 

Parameter HIPO Mean Value (%) Variance (%) P-value 
w 102.5 2.3 D90 w/o 103.1 3.2 0.012 

w 95.9 2.1 D95 w/o 96.7 3.2 0.007 

w 72.3 12.7 D100 w/o 74.3 10.1 0.004 

w 92.2 1.5 V100 w/o 92.7 2.1 
0.010 

w 65.8 4.0 V120 w/o 65.2 5.4 0.244 

w 30.4 4.3 V150 w/o 29.2 5.4 0.005 

w 8.7 1.3 V200 w/o 8.6 1.4 0.409 

w 1.5 0.2 V300 w/o 2.5 4.3 0.062 
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we observe lower EUD values for plans using restriction. 
These differences are for 5 statistically significant (< 
0.05). 

Table 5 Mean values and variance of the EUD for prostate for different . 

 HIPO Mean Value (Gy) Variance (Gy) P-value 
w 14.61 0.01 -2 

w/o 14.55 0.02 
0.097 

w 13.93 0.02 -4 
w/o 13.80 0.21 

0.327 

w 13.38 0.02 -6 
w/o 13.42 0.04 

0.180 

w 12.91 0.03 -8 
w/o 12.99 0.04 

0.018 

w 12.51 0.03 -10 
w/o 12.62 0.05 

0.004 

 
Finally we have analyzed the total treatment times of the 
two groups of plans. Our results demonstrate that there is a 
mean total dwell time reduction of 1.4% when using the 
modulation restriction. This is statistically significant 
(p=0.002). The mean dwell time for each implant is signifi-
cantly lower for the plans with MR>0 (p<0.05). This is also 
the case for the percentage standard deviation of dwell 
times in each plan (p<0.05). Figure 4 demonstrates a repre-
sentative comparison of the dwell time profiles of the two 
plans categories for the case # 7 of Table 1. 
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 Fig.4 Comparison of the dwell time profiles of the case No #7 for the two 

types of modulation (MR=0.12 and MR=0). 

IV. DISCUSSION 

The use of modulation restriction in HIPO for inverse op-
timization of clinical HDR prostate implants result in almost 
equivalent dose distributions for the prostate and to a more 
pronounced sparing of the OARs, especially urethra and 
bladder. Furthermore the conformity values expressed as 
COIN including the OARs or EI are in general higher when 
using modulation restriction (statistically significant). The 
EUD analysis offers results which are compatible to the 
results achieved using either dose-volume indices or con-

formity related indices such as the COIN and EI. Our results 
demonstrate that appropriate values for  are, -10 for the 
prostate tissue and 6 for bladder and rectum. For urethra this 
value is probably 4. 

The modulation restriction in HIPO when set in the range 
of 0.1-0.2 (mean value of 0.14) results in high quality plans 
which are overall equivalent to those achieved without us-
ing that option (value = 0). This is achieved by reducing at 
the same time significantly (a) the total treatment time for 
the plan by a mean value of 1.4% and (b) the mean dwell 
time and its variance. We can clearly recommend the use of 
the modulation restriction at the described level (0.1 - 0.2). 

REFERENCES 

1. Lahanas M,Baltas D,Giannouli S (2003) Global convergence analysis 
of fast multiobjective gradient-based dose optimization algorithms for 
high-dose-rate brachytherapy. Phys Med Biol 48:599-617 

2. Karabis A, Giannouli S, Baltas D (2005) HIPO: A hybrid inverse 
treatment planning optimization algorithm in HDR Brachytherapy. 
Radiother Oncol, 76 Supplement 2, 29 

3. Baltas D, Kolotas C, Geramani K, Mould RF, Ioannidis G, Kekchidi 
M and Zampoglou N (1998) A Conformal Index (COIN) to evaluate 
implant quality and dose specification in Brachytherapy. Int J Radiat 
Oncol Biol Phys 40:512-524  

4. Milickovic N, Lahanas M, Papagiannopoulou M, Zampoglou N and 
Baltas D (2002) Multiobjective anatomy-based dose optimization for 
HDR- brachytherapy with constraint free deterministic algorithms. 
Phys Med Biol 47:2263-2280 

5. Meertens H, Borger J, Steggerda M, Blom A, Evaluation and Optimi-
zation of interstitial Brachytherapy dose distributions. Brachytherapy 
from Radium to Optimization.edited by Mould RF, Battermann JJ, 
Martinez AA, Speiser BL, 301-306 

6. Niemerko A (1997) Reporting and analyzing dose distributions: A 
concept of equivalent uniform dose. Med. Phys. 24:103-110  

7. Li A X, Wang JZ, Jursinic P A, Lawton C A, Wang D (2005) Do-
simetric advantages of IMRT simultaneous integrated boost for high- 
risk prostate cancer. Int J Radiat Oncol Biol Phys, 61:1251-1257 

8. Miles EF, Nelson JW, Alkaissi AK, Das S, Clough RW, Anscher MS, 
Oleson JR (2008) Equivalent uniform dose, D90 and V100  correlation 
with biochemical control after low-dose-rate prostate brachytherapy 
for clinically low-risk prostate cancer. Int J Radiat Oncol Biol Phys, 
69, 3, S381-S382  

9. Wu Q, Djajaputra D, Liu HH., Dong L., Mohan R., Wu Y. (2005) 
Dose sculpting with generalized equivalent uniform dose. Med  Phys 
32: 1387-1396  

10. Wu Q, Mohan R, Niemierko A, Schmidt-Ullrich R.(2002) Optimiza-
tion of intensity-modulated radiotherapy plans based on the equiva-
lent uniform dose.  Int J Radiat Oncol Biol Phys. 52:224-35. 

11. Semenenko VA.,Reitz B, Day E, Qi XS,Miften M., Li. X A, (2008) 
Evaluation of a commercial biologically based IMRT treatment plan-
ning system. Med Phys 35:5851-5860   
 
Author: Prof. Dr. Dimos Baltas 
Institute: Dept. of Medical Physics & Engineering, 
 Klinikum Offenbach GmbH,  
Street: Starkenburgring 66 
City: 63069 Offenbach am Main 
Country: Germany 
Email: dimos.baltas@klinikum-offenbach.de

 
 

  
 IFMBE Proceedings Vol. 25  

286 D. Baltas et al.



Improving the performance of direct Monte-Carlo optimization for large tumor 
volumes  
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Abstract— Direct Monte Carlo Optimization (DMCO) is a 
powerful method for dose optimization with Monte Carlo 
precision and direct aperture optimization with simulated 
annealing. In a recent publication we presented quasi-IMAT, a 
step-and-shoot technique that simulates a rotational method by 
using a high number of beam directions and reducing the 
number of segments. QIMAT could improve the plan quality, 
particularly in case of concave target volumes. In this work, 
both techniques were combined to optimize an anal cancer 
case. Because of the limited memory of standard computers, a 
technique for reducing the inverse kernel file was investigated 
on the CarPet phantom. It could be shown that increasing the 
statistical uncertainty from 5% to 15%, followed by a final 
dose calculation with 5%, did not lead to a decrease of the plan 
quality. Therefore, this method was applied to an anal cancer 
case optimization with qIMAT. The IK-file of a 30-field plan 
was calculated with 15% uncertainty and then used for opti-
mization with DMCO (applying only 1 segment per field). 
After optimization, a re-calculation with 2% uncertainty was 
performed. In this way, the DMCO optimization with qIMAT 
of complex cases such as anal cancer is possible. We used the 
degeneracy of the solution space (similar dose distribution with 
different objective function values) to find an optimal solution 
of a complex case. The comparison of the qIMAT plan with a 
conventional 7-field IMRT plan showed that qIMAT can spare 
considerably dose to organs at risk and healthy tissue with 
uncompromised target coverage.  

Keywords— Anal carcinoma radiation therapy, Monte Carlo, 
VMAT, qIMAT 

I. INTRODUCTION  

Direct Monte Carlo Optimization (DMCO) [1] is a pow-
erful method for radiotherapy plan optimization with MC 
precision and direct aperture optimization with simulated 
annealing. DMCO carries out simultaneously fluence opti-
mization and segmentation into multi leaf collimator (MLC) 
segments. It could be shown that even after applying final 
dose calculation with re-optimization, the primary plan 
quality suffers [2]. Thus, DMCO applies direct aperture 
optimization as suggested by Shepard et al. [3] and Berg-
man et al. [4]. The IKO inverse kernel concept [5] is applied 
to a modified direct aperture optimization procedure. The 
inverse kernel matrix (IK) contains the dose contributions 

from bixels to voxels of the patient phantom. The matrix 
elements are derived during one single MC simulation with 
the fast and precise MC-code XVMC [6]. 

The recent developments of rotational IMRT delivery 
techniques such as RapidArc and VMAT open a new way in 
IMRT [7]. Both systems deliver radiation with a MLC, 
which changes the shape of the treatment field dynamically 
while the gantry rotates around the patient. In this way, it is 
similar to IMAT [8], but the radiation is delivered in one or 
a few rotations of the gantry. Recently, we presented quasi-
IMAT (qIMAT), a step-and-shoot technique, which simu-
lates a rotational IMRT in discrete angular steps [9]. We 
showed that qIMAT can improve the quality of conven-
tional IMRT plans by using a large number of beam direc-
tions and simultaneously reducing the number of segments. 
This improvement increases with the concavity of the target 
volume. 

The aim of the present study is to combine DMCO and 
qIMAT for anal cancer treatment, which represents a big 
challenge for the DMCO algorithm because of the large 
treatment volume of this kind of tumor and the high number 
of beams directions of qIMAT. Because of the limited 
memory of standard computers, one is not able to perform 
qIMAT optimization without reducing the size of the IK 
before. 

MC method simulates the tracks of individual particles 
using machine-generated random numbers. Increasing the 
number of particle histories reduces the statistical uncer-
tainty of the calculation. The accuracy should be better than 
2%, taking into account a maximum uncertainty of 5% for 
the delivery of dose during the whole treatment process 
[10]. In this work we investigate a method to improve the 
performance of qIMAT with DMCO by increasing the sta-
tistical uncertainty of the dose calculation, we termed it 
variance degradation technique (VDT). Search space inves-
tigations are performed to judge the degeneracy of the op-
timization result for usage of a reduction of calculation 
effort with simultaneously similar plan quality. To demon-
strate the potential of DMCO in a complex clinical case, 
this technique is used to optimize an anal cancer case, 
which has a high concave PTV and a large treatment vol-
ume. The qIMAT plan was compared with a conventional 
7-field IMRT plan. 
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II. MATERIAL AND METHODS 

A. Direct Monte Carlo Optimization (DMCO) 

 The procedure of DMCO consists in the following steps: 

• Plan setup: the beam directions are created with the 
commercial treatment planning system (TPS) Oncentra 
MasterPlan 3.1. (OMP, Nucletron). Then the beam con-
figuration is transferred (DICOM-transfer) and used to 
calculate the dose 

• Dose calculation: XVMC-code with the head model 
VEFM is used to calculate the dose matrix. The result-
ing IK file is used afterwards for DMCO to optimize. 

• DMCO optimization: DMCO 6.2 runs fluence optimiza-
tion and segmentation simultaneously by optimizing the 
leaf parameters instead of the fluence weights with a 
simulated annealing algorithm. To find the global min-
imum and avoid getting trapped in a local minimum de-
pends of some parameters like start temperature, cool-
ing rate, acceptance rate or stopping criteria. 

• Final dose calculation: if the dose calculation was 
performed with a low resolution or high dose uncer-
tainty, a final dose calculation (fdc) should be done. 
However, it could be shown in case of conventional 
IMRT and small target volume that the fdc-step can be 
omitted [1]. 

  

B. Quasi-IMAT technique 

QIMAT is a novel technique that simulates a rotational 
IMRT by using a large number of beams with only one 
segment each [9]. In a previous study we compared qIMAT 
with conventional six-field IMRT on CarPet phantom and 
prostate cancer cases. The conclusion drawn was that cases 
with high concave planned target volume (PTV) benefit 
from qIMAT. 

 
C. Reducing the IK-file size: Dose variance degradation 
technique (VDT) 

One step to optimize a radiotherapy plan with DMCO is 
to calculate the IK-file, whose size depends on the treatment 
volume (field size), the statistical accuracy, the number of 
bixels, and the resolution of the dose calculation. The rec-
ommended uncertainty by MC dose calculation with 
XVMC is about 2%, while the voxel resolution is usually 
set to 128x128 and number of beams differs from case to 
case. 

When applying DMCO to a large treatment volume as 
for example anal cancer, an overflow of memory can appear 
because of the large size of the kernel file. After calculating 

the IK file with XVMC, the kernel file size of an anal can-
cer plan with 30 beams calculated with 2% uncertainty 
requires about 7.8 GB, which cannot be calculated on a 
standard computer. Therefore, we investigated the effi-
ciency of reducing the MC accuracy for reducing the size of 
the IK matrix without compromising the plan quality. Three 
IK-files with several dose standard deviations of 5%, 10% 
and 15% (by constant dose matrix resolution of 4 mm) were 
calculated for the CarPet Phantom (7-field beam configura-
tion).  

After evaluation of the results on CarPet phantom, DVT 
was considered adequate to solve the problem of IK-file 
reduction without compromising the plan quality and ap-
plied to an anal cancer case. 

 
D. Anal cancer: qIMAT and IMRT planning 

Patient underwent CT-based simulation with 8 mm 
slices, relevant structures were contoured on each axial CT 
scan slice. OAR included small bowel (SB) and cauda 
equina (CE). Additionally, a 2.5 cm margin was defined. 
The plans were generated to be delivered with a Siemens 
Primus linear accelerator (Primus, Siemens) with an energy 
of 6 MV. The qIMAT plan was compared with the step-
and-shoot IMRT plan used for treatment. 

• QIMAT: geometry consisted of 30 equidistant fields 
(12° increment, beginning at 6°). Beam configuration 
was generated with OMP. XVMC dose calculation was 
performed with 15% uncertainty. However, a fdc with 
2% was carried out after optimization. Only one seg-
ment per beam was predefined and integrated to the SA 
process. Dose-volume objectives are listed in Table 2. 
Beside the usual dose-volume objectives (DVO), an ad-
ditional objective was used: D0=0. The idea behind this 
choice is to avoid DMCO stopping optimization when 
the DVOs are fulfilled. The principal objective is to ful-
fill the ‘normal’ DVOs and then if possible, continuing 
to spare dose to normal tissues without penalizing the 
PTV coverage. 

Table 2 Constraints and dose-volume objectives for the qIMAT anal 
cancer case. VOI= volume of interest, PTV=planned target volume, SB= 

small bowel, CE= cauda equina. A dose of 1 means 100% of the prescribed 
dose. 

VOI PTV VOI CE      UT   SB 

Dmin 1.0 D limit 0.5 0.85 0.0 0.75 0.0 0.65 0.0 

Dmax 1.1 V limit 0.6 0.0 0.0 0.0 0.0 0.0 0.0 

weight 25000 weight 1000 1000 100 3500 100 2500 100 
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• IMRT: the patient was treated with a 7-field technique 
(26°, 77°, 129°, 180°, 231°, 283° and 334°). The plan 
was generated with OMP using direct step and shoot 
option (DSS). The maximal number of segments was 
set to 60. 

Both treatment plans were evaluated using dose distribu-
tions on the CT-slices as well as DVH analysis. 

III. RESULTS AND DISCUSSION 

A. Study of VDT on CarPet phantom. 

The VDT led to an important IK size reduction and con-
sequently the XVMC calculation time decreased. However, 
DMCO optimization lasts approximately the same time for 
all plans because of the small voxel size. Details of the 
optimization results are listed in table 1.  

Table 1 Results of the MC-accuracy reduction study for the CarPet 
phantom. OF= objective function, FDC= final dose calculation 

Dose uncertainty 5% 10% 15% 

Kernel size (GB) 2.5 1.0 0.5 

Iterations 52 57 55 

OF start 886.1 891.1 918.8 

OF minimum 56.4 65.2 84.1 

XVMC (min) 67.6 16.3 7.1 

Optimization (min) 79 77 76 

FDC (min) - 38 38 

Total time (min) 146.6 131.3 121.1 

 
 

 

Fig. 1 DVH comparison of DMCO calculated on the CarPet phantom with 
5%, 10% and 15% MC dose accuracy 

Dose-volume histogram (DVH) comparison (Fig. 1) 
showed no significant differences between optimization 
with low (5%), medium (10%) or high (15%) dose uncer-
tainty. PTV homogeneity was almost identical for all three 
plans, while OAR was only slightly affected by VDT. 

Therefore, DVT was applied to the anal cancer case in 
order to reduce the IK-file size and simultaneously main-
taining the plan quality unaffected. 

 
B. Application of VDT: Anal carcinoma. 

Dose distributions for qIMAT and IMRT are shown in 
Fig. 2 for three axial views. In Tab. 3, numerical evaluation 
from DVH analysis on PTV and OARs are reported. 

Both treatment plans showed adequate PTV coverage. 
The dose homogeneity (H=(D5-D95)/Dav) in the PTV was 
11.6 for IMRT and 11.5 for qIMAT. Both OARs were bet-
ter spared by qIMAT. For qIMAT, D50% for the small bowel 
was 37.5%, while for the IMRT plan it was 45.5%; the 
maximum dose received was reduced from 95% (IMRT) to 
91.8% (qIMAT). D50% to the cauda equina volume was 
reduced from 56.4% (IMRT) to 20.9% (qIMAT). 

 
 
 
 

 

Fig. 2  Views of dose distributions for qIMAT (left) and IMRT for the anal 
cancer case. 
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Fig. 3  DVH comparison of IMRT and qIMAT for anal carcinoma. 

 
Table 3   DVH comparison of IMRT and qIMAT plans of anal carcinoma. 
SB= small bowel, CE= cauda equina, D50%= dose received by 50% of the 

volume, Dmax= maximum dose in this volume 

 IMRT qIMAT 

PTV   

D99(%) 87.2 88.1 

H 11.6 11.5 

SB   

D50(%) 45.5 37.5 

Dmax(%) 95.5 91.8 

CE   

D50(%) 56.4 20.9 

Dmax(%) 96.1 45.1 

 

IV. DISCUSSION AND CONCLUSIONS  

The DMCO optimization with qIMAT in a complex case 
such as anal cancer was possible by applying DVT, which 
reduces the IK-file size. On the CarPet phantom could be 
shown, that reducing the accuracy of the MC-dose calcula-
tion is an adequate method to reduce the IK-file size without 
compromising the plan quality. Anal cancer cases can not 
be planed with qIMAT using DMCO because of the big 
treatment volume and high number of beam directions. We 
used the degeneracy of the solution space that showed the 
study on the CarPet phantom to find an optimal solution. 
Furthermore, the comparison of qIMAT with IMRT showed 
that qIMAT can improve the plan quality considerably. 
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Abstract—A realistic biomechanical bladder model is con-
structed that gives insight into pelvic organ motion as a result 
of bladder filling changes. We use finite element (FE) modeling 
to simulate bladder wall deformation caused by urine inflow. 
First, all pelvic structures were defined from MRI including 
bladder wall, small bowel, prostate, rectum, pelvic bone and 
the rest of the body. These were translated to FE meshes.  
Using appropriate material properties for all organs, dis-
placements of these organs as a response to changing bladder 
pressure were computed. After fitting only the volume, the 
computed bladder shape has a good agreement with real blad-
der shape (overlap from 0.84 to 0.92). In conclusion, a FE 
bladder model can successfully predict the bladder shape 
change given a known bladder volume change. This model can 
potentially be used to improve image-guided radiotherapy for 
bladder cancer patients.  

Keywords—bladder cancer, finite element model, im-
age guided radiotherapy. 

I. INTRODUCTION  

Radiotherapy (RT) is an important treatment option for 
muscle-invasive urinary bladder cancer and has the poten-
tial for playing a key role in an organ-sparing combined-
modality treatment [1]. Prior to the actual treatment, a CT 
scan is made on which an optimal treatment plan is devised: 
a high dose to the tumor with as little as possible dose to the 
surrounding critical organs.  

Changes in the volume of the bladder cause large dis-
placements of bladder tumors. This may hamper precise 
irradiation of this disease. To deal with this problem, we 
inject a liquid marker (lipiodol) at the border of bladder 
tumor via cystoscopy. This lipiodol marker can be visual-
ized using cone-beam CT (CBCT) on the radiotherapy ma-
chine. The tumor displacement is next determined and  
corrected by means of a couch shift, improving target cov-
erage [2]. However, since critical structures do not necessar-
ily move along with the bladder tumor, these organs may 
receive a higher dose than anticipated. Since many critical 
structures are close to their critical dose, it is important to 
know in advance the possible movement of bladder, tumor 
and critical organs. 

One unique problem of bladder treatment is the relatively 
large short-term variation that can occur between imaging at 
the treatment machine and the actual beam delivery. To deal 
with this problem, it is required to understand the effect that 
short-term bladder filling has on motion of the bladder, the 
tumor and other pelvic organs, and how the surrounding 
organs affect each other. 

Lotz et al [3] previously developed a descriptive 3D 
model describing the bladder shape and position as a func-
tion of bladder and rectal fillings. Sohu et al [4] used princi-
pal component analysis to obtain a descriptive model of the 
correlated movements of bladder, prostate and rectum. 
These two approaches require (many) prior images to com-
pute a patient specific geometric model.  

The aim of this paper is to build a biomechanical bladder 
model based on finite element (FE) analysis that can predict 
the movement patterns based on a single planning image, 
i.e., predict bladder shape change and organ movement 
using just bladder volume as input.  

II. MATERIALS AND METHODS 

A. Principle of Bladder Function and Model 

The expansion of the bladder wall is caused by inlet of 
urine, effectively causing a pressure change in the bladder. 
This pressure is equal at all parts of the bladder wall. But, 
due to surrounding organs, the bladder deforms anisotropi-
cally, mainly in anterior and superior directions. Finite-
Element modeling can be used to simulate the mechanical 
responses in bladder and surrounding tissues under the load 
of urine pressure.  

B. Data Acquisition  

The experiments were carried out using MRI scans of 4 
healthy male volunteers with a median age of 43 years. For 
each volunteer, MRI scans of the pelvic area were recorded 
at regular intervals of 8 minutes in a period of about 1 hour. 
Volunteers were instructed to empty their bladder and drink 
300 cm3 of water, 15 minutes prior to acquisition. For each 
series of MR images, the image with a bladder volume 
closest to 250 cm3 was selected as reference. In this image, 
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a single observer delineated the inner bladder wall, outer 
bladder wall, small bowel, prostate, rectum, pelvic bone and 
body contour. The delineation contours were used to build 
surface and volume meshes. 

C. Finite Element Model Construction 

The volume mesh was entered in a commercial FE pack-
age. The inlet of urine was modeled by (arbitrarily) increas-
ing the bladder pressure with 1 kPa. The surrounding  
organs were modeled as linear elastic materials (table 1). 
Material properties were taken from literature [5] except for 
the small bowel package (which is considered as a bulk 
tissue). The latter values were found by optimizing for the 
test population. 

Table 1 Applied linear elastic material properties for pelvic organs 

Organs Poisson ratio Young’s 
modulus (kPa) 

Bladder 0.49 10 
Pelvic tissue 
(“body”) 0.40 15 

Pelvic bone 0.49 1000 
Prostate 0.40 21 
Rectum 0.49 10 

Small bowel 0.35 3 

D. Volume Fitting 

The result of FE modeling is a vector displacement of 
each volume node. Applying positive or negative scaling of 
these vectors allows construction of expanding or contract-
ing bladders from the reference image. The scale factors 
were chosen such that the volume of the predicted bladder 
was the same as the volume of the bladder in the test image. 
All images, except the reference, of each MR series were 
used as test images. 

E. Evaluation of Bladder Model 

We evaluated the accuracy of the bladder model by cal-
culating the volume overlap and local residual errors. The 
overlap was defined by the volume of intersection between 
the predicted and delineated bladder contours, divided by 
the average of the predicted and delineated volume. Note 
that the latter values are identical because of the volume 
fitting. Root mean square values of the shortest distance 
between the predicted bladder surface and the delineated 
bladder surface gave the local residual error.  

III. RESULTS 

 
 

Fig. 1 Predicted bladder surfaces (in green) overlaid on a series of MRI 
images, ordered from empty (a) to full bladder (h). (c) is the reference 
image, which, together  with the volume change of the bladder, is the only 
input to the finite element model 

(a)                                         (b) 

(c)                                            (d) 

        (g)                       (h)   

        (e)                      (f)   
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To verify the conformity of bladder model, we recon-
structed 3D surface of predicted bladder overlaying on the 
series of MRI images, such as shown in figure 1, for all 4 
data sets. Only small mismatch between the predicted and 
real bladder surface occur for small bladder filling changes 
when the bladder volume is between 50% and 200% of the 
original volume (Figure 1 a, b, d, e). However, the front part 
of the bladder shows larger discrepancies with larger filling 
changes beyond 200% of the original volume (Figure 1 f, g, 
and h). The average overlaps of series of predicted and 
delineated bladder contour in the four series are listed in 
table 2. 

Table 2 Average overlaps of predicted and delineated bladder contours 

volunteer 1 2 3 4 
overlap 0.84 0.85 0.92 0.87 

The averaged local residual errors range from 2mm to 
9mm. Figure 2 shows the residual error color-coded on the 
bladder surface of patient 3. In this example, the largest 
residual errors occur at the cranio-anterior part of bladder 
surface. For the rest of the three volunteers, residual errors 
contribute in the same region.  

 
 
 

Fig. 2 Averaged local residual errors in volunteer 3 

IV. DISSCUSSION 

This study shows that the small bowel (lack of resis-
tance) is the most essential factor causing the anisotropy of 
bladder deformation. However, so far we have not yet mod-
eled changes in rectum volume, which occurs for  
inter-fraction motion. This model does accurately describe 
intra-fraction motion. 

The accuracy of the FE model was tested by comparing 
simulations with the real situation. The choice of material 

properties is the most important factor determining the ac-
curacy. In our study, all tissues were assumed to behave as 
isotropic linear elastic materials. However, in reality bio-
logical material always shows non-linear and non-elastic 
behavior [6]. Veronda et al presented a material law which 
expresses this feature of soft tissue through an exponential 
term [6]. In the future, such non-linear properties will be 
introduced in our model, as well as bladder tumor, which is 
known to be stiffer than normal bladder wall.  

A large advantage, compared to other image-based blad-
der models, is that the FE model can be established based 
on just one image, i.e. it needs much less prior information. 
Another advantage is that the results are described in terms 
of a vector field. These data allow direct deformable dose 
accumulation for 4D planning of hollow and solid organs 
without interpolation. The main drawback of FE is the long 
mesh generating and solving time (5-6 hours).  

V. CONCLUSIONS 

Our study demonstrated that a FE biomechanical bladder 
model successfully predicts bladder shape changes from 
known bladder volume changes. Such a bladder model 
gives insight into the movement (and interaction) of pelvic 
organs and can potentially improve image-guided radiother-
apy for bladder cancer patients, for example by allowing 
prediction of mode and quantity of short-term movement.  
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Abstract— Accurate and reproducible patient setup is a 
prerequisite to fractionated radiotherapy. To evaluate the 
applicability and technical performance of a commercial 3D-
surface imaging system (Galaxy, LAP Laser, Lüneburg, Ger-
many) for patient alignment, measurements were performed in 
a rigid anthropomorphic phantom as well as in a healthy vol-
unteer. In addition, we launched a study, which investigates 
the 3D-laser surface imaging system as a function of the treat-
ment location for its clinical applicability to determine the 
inter-fractional setup error in radiotherapy patients. The 3D-
laser surface imaging system creates a 3D-surface model by 
scanning the patient surface with laser beams. This model is 
used to compare the current setup with a pre-defined reference 
setup. As a result, a couch adjustment is calculated and dis-
played. We compared the couch adjustments indicated by the 
Galaxy system with setup corrections performed by an image 
guided radiation therapy unit (Tomotherapy (tomo) Hi Art 
System, TomoTherapy, Madison, WI, USA). The optical sur-
face imaging system showed a high stability and detected pre-
defined 3D-translations of a phantom with an accuracy of 0.17 
± 0.35 mm and those of a healthy volunteer with an accuracy 
of 1.96 ± 2.12 mm, respectively. 

Keywords— Radiotherapy, 3D surface imaging, setup errors, 
patient alignment, repositioning accuracy. 

I. INTRODUCTION  

Common procedures in modern radiotherapy aim to tai-
lor the dose distribution to the shape of the tumor while 
minimising the dose to the surrounding normal tissue. As a 
consequence, escalation of the prescribed dose might be 
possible. 

This approach, however, requires accurate and repro-
ducible patient setup, but currently, inter-fractional setup 
variation and its correction is still a major problem. 

Most of the modern therapeutic devices are able to ac-
quire images. But besides technical feasibility, the benefits 
of Image Guided Radiation Therapy (IGRT) have to be 
weighed against the additionally delivered dose. Therefore, 
optical surface imaging systems are considered [1, 2, 3, 4, 5, 
6]. In this work, we investigated a commercially available 
laser-based surface scanning system (Galaxy, LAP Laser, 

Lüneburg, Germany [4]) for patient setup verification and 
correction. 

II. MATERIALS AND METHODS  

A. System description 

 
Figure 1: Arrangement of the imaging system 

A 3D-laser-imaging system (Galaxy, LAP Laser, Lüne-
burg, Germany) is used to reconstruct 3D patient surfaces 
with high resolution. The system (Fig. 1) uses lasers and is 
mounted on the ceiling of a tomotherapy (tomo) unit (Hi·Art 
System, TomoTherapy, Madison, WI, USA). The reflec-
tions of the projected laser lines are recorded by a camera 
and a 3D-surface model of the patient is reconstructed. 

The scan takes 1-5 s, and then the actual patient position 
is compared with that of a reference image. The reference 
image may be acquired either with the imaging system at 
the first fraction or it may be generated by contouring the 
skin in the treatment planning CT and by importing the 
contour via the DICOM interface. 

The two surface models are compared, and a setup cor-
rection with 4 or 6 degrees of freedom is calculated. This 
correction can be used to improve the setup of the patient. 

 
B. Accuracy of the imaging system 

We investigated the accuracy of the system by perform-
ing measurements in an anthropomorphic phantom as well 
as in a healthy volunteer. After setup of the phantom or the 
volunteer, a reference image was acquired and one- or 
three-dimensional shifts were performed, simulating a mis-
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alignment of the patient. In this position, a new image was 
recorded and a setup correction in lateral (LAT), longitudi-
nal (LNG) and vertical (VRT) direction was calculated. 
This correction was compared with the predefined shifts.  

From the deviations in each direction ( LAT, LNG, 
VRT), the corresponding radial deviation 

 2 2( ) ( ) ( 2)R LAT LNG VRT  (1) 
was calculated. 

 
C. Study design 

We started a study to investigate the clinical applicability 
of the imaging system for six tumor entities (brain, head & 
neck, breast, thorax, abdomen, and pelvis). For each entity, 
20 patients will be included. The setup correction derived 
from registration of the Megavoltage (MV) CT with the 
treatment planning CT is used as gold standard. 

Each patient is scanned during the first ten treatment 
days. At each treatment day, three scans are performed. The 
first scan is performed after conventional positioning using 
room lasers. The second scan is done after correcting the 
setup with the MV CT of the tomo unit, and the third scan is 
obtained after the treatment is completed. For each scan, a 
setup correction is calculated using the skin contour of the 
treatment planning CT as reference. Informed consent was 
obtained from all patients. The study was approved by the 
local ethics committee. 

The shift vector proposed by the camera system (derived 
from scan 1) is compared with the setup correction given by 
the tomo unit. The difference of the corrections from scan 2 
and 1 should correspond to the correction obtained from the 
MV CT. Therefore, this difference can be used to verify the 
ability of the optical system in detecting the actually per-
formed correction. Additionally, the third scan can be used 
to detect possible movements of the patient during treat-
ment. 

III. RESULTS 

A. Accuracy of the imaging system - Phantom-based 
measurements 

The phantom-based measurements show that the camera 
system can detect misalignments with a high precision (Fig. 
2). The pre-defined shifts in longitudinal and vertical direc-
tion were detected by the system with deviations in the 
order of magnitude of 1/10 mm. The observed deviations in 
lateral direction were a little larger, but still less than 1 mm. 

 
Figure 2: Phantom-based measurements 

 
B. Accuracy of the imaging system - Volunteer-based 
measurements 

The detection of the shifts in the healthy volunteer (Fig. 
3) shows larger variations and somewhat larger offsets from 
the ground truth are observed. We found an accuracy of 
0.74 ± 1.19 mm (LAT), 1.7 ± 1.52 mm (LNG) and 0.64 ± 
0.88 mm (VRT). 

 
Figure 3: Volunteer-based measurements 
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C.  Clinical study 

The clinical study is still ongoing. As an example case, a 
breast carcinoma patient is shown (Fig. 4). 

 

 
Figure 4: 3D-Model of a breast carcinoma patient 

For the breast tumour, the imaging system measured an 
increased reproducibility after the MV CT-based setup 
correction. Fig. 5 shows the correction vector determined by 
the MV CT subtracted by the recommended setup correc-
tion of the optical system for a breast cancer patient (LAP). 
The distribution of the deviations shows median values near 
zero. The variation of these differences is in the range of 1-4 
mm in the different directions. 

 
Figure 5: Comparison of correction vectors from MV CT vs. LAP 

IV. DISCUSSION  

Repeated measurements of the systems’ reproducibility 
demonstrated that pre-defined shifts were reliably detected. 
Due to breathing motion, a generally reduced reproducibil-
ity was found in the volunteer. Still the reproducibility is 
within a few millimeter, so the system is able to detect 
clinically relevant setup errors in the order of 5 mm or lar-
ger. 

In the case of the breast carcinoma patient, the system 
was able to accurately detect misalignment of the patient. 
Using the scan after the MV CT correction (scan 2), it was 
seen that the corrections calculated by the imaging system 
were reduced. 

Clinical applicability of surface imaging systems for 
setup corrections strongly depend of the correlation of the 
surface and the internal target structure. As the actual setup 
correction for the patients is performed on the basis of MV 
CTs using internal structures, the agreement of the correc-
tions determined with the surface imaging system with that 
of the MV CT may strongly depend on the localization of 
the target. We are currently collecting more data to investi-
gate the reliability of the surface imaging system for differ-
ent indications. 

V. CONCLUSION  

 
Preliminary phantom data support the concept of using 

the investigated system to improve patient alignment in 
fractionated radiotherapy as an alternative to imaging with 
ionizing radiation. A clinical study is under way and the 
results are pending. 
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ABSTRACT 

Intracavitory brachytherapy (ICBT) plays a major role in 
management of malignancy of cervix uterus. The amount 
of dose to be delivered to tumor volume depends upon the 
likely dose rectum and bladder is going to receive because 
a high dose to rectum and bladder results in unmanageable 
complications. The complications depend upon the dose 
received by the rectum and bladder, the volume involved 
and the dose rate at which dose is received hence there is 
need to measure the actual doses received by the rectum 
and bladder during ICBT of cervix uterus. 
 
 Keeping in mind the complexity of the 
dosimetry and dose constraints to organs such as rectum 
and bladder, we have measured and compared the rectal 
doses in 14 cases of cancer cervix uterus treated by LDR 
ICBT and 20 cases treated by HDR ICBT. We employed 
CaSO4:Dy thermoluminescence powder filled perspex 
capsules for actual measurement of rectal doses. 
Comparison of measured doses with the calculated doses 
from orthogonal radiographs is also done. We observed 
that the measured rectal dose to be in the range of 51.1 – 
76.5 % of the point A dose in HDR ICBT and 35.8 - 61.2 
% of point A dose in LDR ICBT. The difference between 
the calculated and measured dose varied from 0.22 to 16.2 
% in LDR ICBT and - 8.0 to 8.1 in HDR ICBT.  CaSO4: 
Dy TL dosimetry is quite accurate and easy method of 
actual rectal dose measurement which can be routinely 
used.  Because of the large difference in dose rates of 
HDR and LDR ICBT, the radiobiological effectiveness of 
the same rectal dose at different dose rates will be 
different and hence we have applied LQ model to find the 
ERD’s and compared them in present analysis. 
 
Key words – Rectal dosimetry, brachytherapy, LDR, 
HDR, TL dosimetry, ERD  

          
INTRODUCTION 

Carcinoma of cervix is the commonest malignancy 
in females in India and accounts for approximately 
25 % of the total cases treated by radiotherapy at our 
center. The standard course of external beam therapy 
ends up with the residual tumor and further 
escalation of radiation dose of external beam therapy 
produces fatal complications. ICBT plays a major 
role in delivering a high dose of radiation to the 
tumor volume. It has advantage that it delivers a 
high dose of radiation to the tumor volume sparing 
the surrounding normal structures because of sharp 
fall of doses. However it is seldom possible to avoid 
the delivery of radiation dose to the normal 
structures more so in treatment of malignancy of 
cervix uterus. The dosimetry of intracavitory 

irradiation is complex. The optimal dose that needs 
to be delivered is dictated not only by the volume 
and extent of tumor but also by the close vicinity of 
the dose limiting structures such as small and large 
intestine, rectum and bladder. Rectal and bladder 
complications will depend upon the total dose 
received, the volume irradiated and the dose rate at 
which the dose is received. The rectal complications 
arise either because of excessive dose to para 
cervical tissues or as a result of radiation damage to 
the anterior rectal wall.  

 
MATERIAL AND METHODS 
In the present study we have measured the rectal 
doses by CaSO4 : Dy thermoluminescence dosimetry 
during ICBT of cancer cervix by LDR manual after 
loading system and remote controlled HDR system. 
The LDR manual after loading system developed by 
BARC uses Cs- 137 line sources arranged in a chain. 
The activity  of Cs- 137 arranged in metallic tubes 
was 135, 90 and 90 mCi in the long uterine tube, 
135 and 90 mCi in medium uterine tube and 175 
mCi each in the two ovoids. The dose rate to point A 
was 1.35 – 1.55 Gy/hr during this study. We 
delivered 30 Gy dose to point A by ICBT in about 
18 – 20 hours prior to or followed by 45 Gy external 
beam therapy by AP & PA pelvic fields by 
conventional dose fractionation schedule.  
 The remote controlled HDR brachytherapy 
system (Gammamed 12i), at our center, uses 10 Ci  
Ir – 192 single  point source. For delivering the 
desired dose to point A and the required isodoses 
distribution, the stopping positions of the point 
source and the time for each stopping position is 
planned by Abacus software in built in the system. 
The total dose of 22.5 Gy is delivered in 3 fractions 
of 7.5 Gy each depending on the dose likely to be 
received by the rectum. If the rectal dose is on 
higher side then the third fraction is restricted to 5 
Gy totaling the dose of 20 Gy. Each fraction is given 
after a gap of one week. 
 For actual measurement of the rectal doses 
at various points, pre annealed CaSO4: Dy TL 
powder filled cylindrical Perspex capsules of 4 mm 
diameter and 15 mm length was used. Six such 
CaSO4: Dy filled capsules were arranged in a soft 
rubber tube and the tube was inserted into the 
rectum after the treatment applicators are positioned 
properly. The tip of the last capsule was positioned 
at the anal verge in order to ascertain the position of 
the individual capsules. The dosimeters are left in 
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the rectum for complete duration of the treatment. 
After the treatment is over the capsules were 
collected and stored in radiation free area for 24 
hours before reading on Thelmador – 6000 (BARC 
make) TLD reader. The calibration of CaSO4: Dy 
TL powder and advantages are reported somewhere 
else [1]. 

In both, LDR & HDR, cases orthogonal AP 
and lateral radiographs are done. In 10 cases the 
dose received by the TLD capsules due to the X – 
ray exposure during the orthogonal radiographs was 
measured. It was observed that the dose due to 
radiographs was 0.05 + 0.02 Gy which is negligible 
as compared to the total rectal dose and hence not 
considered in final calculation of the rectal dose. 
The rectal tube containing the CaSO4: Dy powder 
filled capsules works as a radio-opaque marker. This 
has advantage over the rectal lead wire marker as the 
rectal wire inserted randomly in rectum lumen will 
not represent always the upper rectal wall whereas 
the rectal tube with capsules of TL powder works as 
solid state marker with less kinks in rectal cavity 
thereby represents upper rectal wall correctly. The 
TLD measurement of the capsule closest to the 
rectal reference point is taken as measured rectal 
dose. After taking into account the magnification, 
point A right and left are marked on the radiograph. 
All these points are digitised with the help of 
digitiser. The abacus software of Gammamed 12 i 
calculate the dose at various treatment and reference 
points. It also generates the isodose plot in various 
planes. For dose calculation with LDR system, it is 
done manually. 
      In the present study we have measured 
rectal doses using CaSO4: Dy TL powder in 14 cases 
of cancer cervix treated by LDR ICBT and 20 cases 
of cancer cervix treated by HDR ICBT. We have 
analysed the rectal dose and tumor dose data to find 
out ERD values for tumor (early effect) and normal 
tissue (late effect) using the equations 
 
ERD = n. d [1 + d / ( / )]             for HDR  
     
                                    - t 
ERD = D [1+ 2R/ ( / )][1–(1-e )/ T]     for LDR 
 
For tumor (early effect) /  is taken as 10 Gy and 
for normal tissue (late effect) it is 2.5 Gy. Similarly 
the , repair constant, is taken as 0.46/Hr for 
normal tissue late effect and 0.693/Hr for tumor 
(early effect). 
 
RESULTS  
The rectal doses directly measured by CaSO4: Dy 
TL powder (within + 10 % accuracy) and 
calculated from the radiograph in 14 cases of 
cancer cervix treated by LDR ICBT is given in 
table – 1. We observed that the maximum rectal 
dose varied from 10.7 to 18.4 Gy for point A dose 

delivery of 30 Gy i.e. the rectal dose ranged from 
36 to 61 % of the point A dose during LDR 
brachytherapy. Similarly we observed that the 
maximum rectal dose occurred at 6 to 8 cms from 
the anal verge.  
 
Table -1  Rectal doses during LDR treatment 

Sr. 
no 

Pt. A 
dose 
rate 
cGy/h 

Measured 
rectal 
dose    
Gy 

Calculated 
rectal 
dose 
Gy 

ERDt 
Gy 

ERDn 
Gy 

01 159.9 12.6 13.4 44.9 29.0 
02 159.9 12.1 13.0 44.3 27.2 
03 162.3 14.3 14.6 47.1 35.5 
04 158.7 18.4 18.5 44.8 52.9 
05 158.7 14.2 15.1 44.8 34.9 
06 158.7 16.9 17.0 44.8 46.3 
07 158.3 15.9 16.3 44.8 41.9 
08 158.1 12.7 14.1 44.8 29.1 
09 157.8 12.6 14.3 44.7 28.8 
10 157.8 12.3 14.1 44.7 27.8 
11 160.2 12.4 14.4 44.9 28.1 
12 157.2 12.7 13.6 44.7 29.0 
13 157.2 10.7 12.8 44.7 22.4 
14 156.8 12.9 14.1 44.6 29.7 
 
Table – 2  Rectal doses during HDR treatment 

Sr. 
No 

Total 
Dose   
Gy 

Measured 
Rectal 
dose Gy 

Calculated 
Rectal 
dose Gy 

ERDt 
Gy 

ERDn 
Gy 

01 22.5 15.8 15.1 39.4 49.1 
02 22.5 14.2 14.6 39.4 41.1 
03 20.0 15.1 14.8 33.3 45.5 
04 20.0 15.3 14.7 33.3 46.5 
05 22.5 13.4 14.1 39.4 37.3 
06 20.0 14.4 14.5 33.3 42.1 
07 20.0 14.1 14.1 33.3 40.6 
08 22.5 11.5 12.3 39.4 29.1 
09 22.5 12.5 13.1 39.4 33.3 
10 22.5 13.3 14.2 39.4 36.9 
11 22.5 14.3 13.6 39.4 41.6 
12 20.0 12.5 13.5 33.3 33.3 
13 15.0 11.0 10.8 26.3 35.2 
14 20.0 13.2 12.2 33.3 36.4 
15 20.0 12.4 12.3 33.3 32.9 
16 22.5 11.6 11.5 39.4 29.5 
17 20.0 12.3 11.9 33.3 32.5 
18 20.0 12.3 12.0 33.3 32.5 
19 20.0 11.9 12.2 33.3 30.8 
20 22.5 14.1 13.2 39.4 40.6 
 
The rectal doses received by the rectal reference 
point (ICRU 38) during HDR ICBT (Gammamed 
12 i) is given in table–2. The dose to point A during 
third fraction is reduced and restricted to 20 Gy if 
the rectal dose is more than 80 % of the point A 
dose. It is observed that the rectal dose varies from 
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51.1 % to 76.5 % of point A dose during HDR 
brachytherapy. In all the 20 cases the rectal dose 
was more than 50 % of the point A dose. It is 
further observed from this study that the rectal dose 
is more in HDR brachy -therapy as compared to 
LDR brachytherapy. As the rectal doses in all the 
LDR ICBT cases were less than 70 % of the point 
A dose and hence total dose of 30 Gy is delivered 
in all the cases. We have analysed the rectal dose 
and tumor dose data to find out ERD values for 
tumor (early effect) and normal tissue (late effect) 
The ERD values for LDR ICBT are given in table 1 
and for HDR ICBT in table 2. 
DISCUSSION 

 The major effort in the brachytherapy of cancer 
cervix uterus, apart from good local control, is to 
decrease the rectal and bladder complications and 
hence the accurate measurement of rectal and 
bladder doses is very essential to decide the total 
tumor dose delivery. Dosimetry based on 
calculations and measurements in homogeneous 
phantom media can only approximate the true 
situation in-patient and hence individualised 
dosimetry of each patient is necessary. The rectal 
reference points proposed by ICRU report 38 [2] can 
be determined by taking orthogonal radiographs 
using radio-opaque markers. We have used the 
plastic tube (approx. 10 cms long & 0.9 cm in 
diameter) containing perspex capsules filled with 
CaSO4: Dy TL powder inserted into the rectum as 
radio-opaque markers for determining the reference 
rectal points. Once reference points are marked, 
doses received are calculated by computer 
programme in HDR and manually in LDR 
intracavitory applications however in vivo dosimetry 
permits a more realistic measurement of the 
radiation dose actually delivered to dose limiting 
structures such as rectum and bladder in case of 
cancer cervix. Authors [3] have also measured the 
bladder doses by FBX chemical dosimetry in 10 
cases of cancer cervix uteri undergoing LDR 
intracavitory applications and compared the 
measured doses with that of calculated from 
radiograph, The variation of calculated with 
measured was observed to be  - 9.1 % to 8.3 %.  
They have recommended use of FBX chemical 
dosimetry for direct measurement of bladder doses.    
 Deshpande et al [4] analyzed the rectal 
doses in 182 cervical cancers treated by 
intracavitory brachytherapy and reported that in 
about 70 % of the applications the value of the 
maximum rectal dose calculated from the radiograph 
with rectal marker were 40 – 70 % of the point A 
dose. In present study the calculated rectal doses in 
HDR ICBT were 55 – 68 % of the point A dose 
whereas in LDR ICBT it was 36 – 61 % of the point 
A dose, which is comparable. 

    Hema et al [5] have reported a dosimetry study 
for rectum and bladder during LDR brachytherapy 
in 8 cases.  They observed rectal dose in the range of 
33 – 68 % of the point A dose. In present study the 
rectal doses during LDR I/C application are 36 – 61 
% of point A dose and the difference between 
calculated with measured ranged from 0.2 – 16.2 %. 
In all the cases of LDR I/C applications the 
measured doses were on lower side than that of 
calculated from radiograph. Santhamma and Das [6] 
reported rectal dosimetry in 60 cases treated by 
cathetron (HDR), the maximum rectal doses were 50 
– 85 % of the point A dose in 75 % of the cases. 
They used LiF TLD system. We have observed the 
rectal doses in HDR I/C applications in the range of 
51.1 – 76.5 % of the point A dose. The difference 
between measured and calculated from radiograph 
was observed to be – 8.0 to 8.1 %. The doses 
reported are comparable with the results of HDR 
system but on higher side as compared to LDR 
system. Gupta et al [7] reported rectal dosimetry in 
70 cases of cancer cervix treated by intracavitory 
brachytherapy. They found the maximum rectal dose 
at 7 – 9 cms from the anal margin. Serkies et al [8] 
have compared the rectal doses in 124 cases of 
cancer cervix treated by intracavitory brachytherapy. 
They have calculated the rectal doses by two 
methods, in one method radio-opaque wire was used 
in rectum as marker to determine the reference 
points and in second method the posterior vaginal 
wall is packed with the radio opaque gauze. They 
observed a variation of over 10 % in both the 
method and found that the rectal dose that is 
determined with use of rectal wire marker under 
estimates the rectal dose. In the present study we 
observed that the actual measurements by TL 
dosimetry and the calculate doses vary 0.2 – 16.2 % 
for LDR applications and the variation was – 0.8.0 – 
8.1 % for HDR applications. Further we observed 
that in all applications of LDR the rectal doses 
actually measured are on lower side as compared to 
that of calculated from radiographs. Some other 
authors, Brindmead [9], Joslin [10] and Krishnan et 
al [11] have reported rectal dose to anterior wall of 
45 + 12 %, 52 % and 77 +29 % of point A dose 
respectively during ICBT of cancer uterine cervix. 
The opinion of Kapp et al [12] is that the organ 
doses may be determined more precisely with CT 
assisted planning and dosimetry as CT numbers of 
different structures takes into account the differential 
attenuation of radiation. They have compared the 
dosimetry results of orthogonal films, TL dosimetry 
and CT assisted planning in intracavitory 
applications of cancer cervix uterus and reported 
that the rectal doses determined by CT assisted 
planning are much higher than the orthogonal film 
calculations. Stuecklschweiger et al [13] reported 
variation of 20 – 40 % in rectal doses measured by 
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TL dosimetry, calculation from orthogonal films and 
CT assisted planning during HDR implants in 
gynecological cancer.    
 As the radiobiological effectiveness of 
radiation dose depends upon the rate at which the 
dose is delivered and hence we have calculated the 
ERD values for tumor as well as normal tissue 
(rectum- late effect) for HDR and LDR ICBT. The 
ERD tumor for LDR is about 45 Gy for a dose of 30 
Gy whereas it varied from 26 – 39 Gy for a dose of 
15 – 22.5 Gy in HDR clearly indicating loss of 
therapeutic ratio in HDR ICBT at the same time the 
comparison of ERD values for late reactions reveals 
that for LDR the values are lower than HDR 
meaning lesser complications with LDR ICBT.  
Fowler [14] has pointed out that considering the late 
effects, the HDR regimens are calculated based on 
LDR experience and there is certain loss of 
therapeutic ratio when regimes of logistic 
convenience (HDR) are used in place of LDR. 
Shigemast et al [15] have analysed results of total of 
294 patients of cancer cervix uterus treated with 
HDR and LDR ICBT and reported that there is no 
difference in 5 years survival, stage for stage, but 
rectal complications are more frequent with HDR 
group.     
CONCLUSIONS 
The CaSO4: Dy TL dosimetry system is simple and 
accurate (within + 10 %) method for measuring the 
rectal dose. Moreover this system helps to measure 
cumulative radiation dose received by the rectum in 
the entire period of the application. For comparing 
the radiobiological effectiveness of the dose to 
tumor and critical structures during ICBT by LDR 
and HDR, ERD values are helpful. 
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Abstract— Four-dimensional (4D) radiotherapy is consi-
dered to be a feasible and ideal solution to accommodate intra-
fractional respiratory motion during conformal radiation 
therapy.  With explicit inclusion of the temporal changes in 
anatomy during the imaging, planning, and delivery of radio-
therapy, 4D treatment planning in principle provides better 
dose conformity. However, the clinical benefits of developing 
4D treatment plans in terms of tumor control rate and normal 
tissue complication probability as compared to other treatment 
plans based on CT images of a fixed respiratory phase remain 
mostly unproven.  The aim of our study is to comprehensively 
evaluate 4D treatment planning for nine lung tumor cases with 
both physical and biological measures using biologically effec-

tive uniform dose ( D ) together with complication-free tumor 
control probability, P+.  Based on the examined lung cancer 
patients and PTV margin applied, we found similar but not 
identical curves of DVH, and slightly different mean doses in 
tumor and normal tissues in all cases when comparing 4D, P0% 
and P50% plans.  When it comes to biological evaluations, we 
did not observe definitively PTV size dependence in P+ among 
these nine lung cancer patients with various sizes of PTV.  
Moreover, it is not necessary that 4D plans would have better 
target coverage or higher P+ as compared to a fixed phase 
IMRT plan.   

Keywords— Four-dimensional treatment planning, biologically 
effective uniform dose, treatment planning, radi-
obiological objectives, organ motion. 

I. INTRODUCTION  

In today’s radiotherapy, the most significant problem for 
highly conformal treatment methodologies is internal organ 
motion, which occurs both inter-fractionally and intra-
fractionally.  The inter-fractional organ motion can be cor-
rected promptly by the image registration technique that is 
performed right before the daily treatment or adaptively 
compensated during or at the end of the treatment course.  
Intra-fractional organ motion, on the other hand, still re-

mains mostly unsolved.  Respiratory motion is one of the 
most substantial intra-fraction organ motion that introduce 
undesired errors during radiation therapy for lung cancer 
patients.  Of all the possible solutions to accommodate res-
piratory motion, four-dimensional (4D) treatment planning 
followed by 4D delivery [1] is considered to be the best 
resolution.  

       The sequence of 4D treatment planning starts with 
the acquisition of a 4D computed tomography (4DCT) im-
age set, followed by circumstantial image registration.  In 
theory, the concept of 4D planning is simple; however, in 
practice, it is difficult and time consuming due to the ex-
panded amount of image data. The benefit of developing 4D 
treatment plans as compared to other treatment plans based 
on CT images of a fixed respiratory phase remains mostly 
unproven. 

Biologically effective uniform dose ( D ) provides a 
measure to take into account the biological characteristics of 
the target and normal tissues [2]. The goal of this study is to 
evaluate 4D radiotherapy plans with both physical and bio-

logical measures using the D  and P+ concepts. Further-
more, comparisons between the 4D treatment plans and 
MLC-based IMRT plans for fixed respiratory phases were 
performed to estimate the benefit of 4D planning using a 
more clinical outcome related approach. 

II. MATERIALS AND METHODS 

A.  Patients 

Nine lung cancer patients were chosen to be analyzed 
physically and biologically.  General information for these 
nine patients is summarized in Table 1. Patient 9 listed in 
Table 1 represents a anonymised respiration-correlated 
4DCT image set that is freely available for 4D related image 
research [3].  All the patients received a fundamental radio-
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therapy for lung cancer, and had 4DCT images acquired 
prior to treatment. 

B. 4D Treatment planning 

   4DCT images were first sorted into ten phases accord-
ing to the breathing curve of each patient. Ten phases were 
used, where P0% corresponds to end-inhalation and P50% 
represents end-exhalation. 

  For each patient, a radiation oncologist delineated the 
target and organs at risk manually on each respiratory phase 
of the 4DCT data sets (i.e. from P0% to P90%, in total, 10 
phases). Fig. 1 summarizes the procedure by which we 

composed the 4D treatment plans [4] and calculated the D . 

 

Fig. 1 Flow chart of 4D treatment planning and BEUD calculation. 

C. Biologically effective uniform dose evaluation 

 
The uniform dose that causes the same tumor control 

probability or normal tissue complication rate as the actual 
dose distribution given to the patient was evaluated using 

D  [2].  This general definition of D  can be expressed as 
the equation below:  

P D P D             (1) 

The radiobiological model that was used to describe the 
dose-response relation of tumors and organs at risk is the 
linear-quadratic-Poisson model [2]:  

2
50 exp)2lnln)(/(

0
ndndeeDD ee

s a 

 
T ble 1  General information about the nine lung cancer patients. 

 (cm3)

exp)( NDP (2) 

where P(D) is the probability to control the tumor or 
induce a certain injury to an organ that is irradiated 
uniformly with a dose D. This model takes into account the 
fractionation effects that are introduced by the irradiation 
schedule, d, (equals to D/n) is the dose per fraction, and n is 

response probability of 50% and  is the maximum 
normalized value of the dose-response gradient.  Variables 

 and  are the fractionation parameters of the model and 
account for the early and late effects expected, respectively.  
The complication-free tumor control rate, P+, is estimated 
by subtracting the probability of tissue injury (PI) from the 
tumor control probability (PB). 

the number of fractions. D50 is the dose which give

a

 Gender Age Treatment Site Target size
Patient 1 

R e 

Patient 9 Rt u be 

Male 92 Rt upper lobe 50.8 
Patient 2 Male 74 Rt lower lobe 184.5 
Patient 3 Male 67 Rt upper lobe 657.6 
Patient 4 

Female 77 
Lt upper & 
lower lobes 

Rt hilum 

125.1 

Patient 5 Female 71 129.4 
Patient 6 Male 77 t upper lob 391.7 
Patient 7 Male 67 Rt upper lobe 699.2 
Patient 8 

Female 85 
Lt & Rt upper 

lobes 
pper lo

235.1 

N/A N/A 50.9 

III. RESULTS 

A. Physical dose analysis  

sons of the PTV and lung Fig. 2 shows DVH compari
between the 4D IMRT plan, P0% IMRT and P50% IMRT 
plans from one of the nine lung cancer cases.  From the 
DVH curves of the PTV obtained from the three IMRT 
plans of the same patient, it is demonstrated that all the 
plans are characterized by high conformity to the PTV.  
There was no significant difference found in these three 
plans. On the other hand, when comparing the DVHs of the 
lung for the three IMRT plans the curve of P50% IMRT plan 
was inferior to those of 4D and P0% IMRT plans.   

 

Fig. 2 DVH Comparisons of the PTV and lung for the 4D IMRT plan 
and IMRT plans of P0% and P50%. 
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The physical dose statistics of 4D, P0% and P50% IMRT 
plans are summarized in Table 2.  While the mean doses of 
PTV of the three plans were almost the same, the mean dose 
in lung of P50% plan (9.3 Gy) was higher than the other two 
plans (8.4 Gy and 8.3 Gy, respectively). 

 
Table 2  Summary of the comparisons among the 4D IMRT plan, IMRT 
plan at P0% and IMRT plan at P50%, in terms of physical dose statistics. 

 PTV Spinal cord Esophagus Heart Lung 

Dm4D (Gy) 59.7 3.1 4.1 1.3 8.4 

DmP0 (Gy) 59.7 3.4 4.3 1.6 8.3 
DmP50 (Gy) 59.6 3.4 3.6 0.9 9.3 
SD4D (Gy) 0.5 4.6 5.6 2.0 14.9 
SDP0 (Gy) 0.4 5.1 5.9 2.6 14.7 
SDP50 (Gy) 0.4 4.8 5.1 1.2 15.9 
Dmax4D (Gy) 62.1 15.2 22.6 18.8 63.1 
DmaxP0 (Gy) 61.8 17.5 24.3 19.7 64.0 
DmaxP50 (Gy) 62.2 16.2 22.0 10.7 64.1 
Dmin4D (Gy) 53.0 0.3 0.3 0.3 0.3 
DminP0 (Gy) 57.6 0.3 0.3 0.3 0.3 
DminP50 (Gy) 57.3 0.3 0.3 0.3 0.3 

  

 
Table 3  Summary of the comparisons among the 4D IMRT plan, IMRT 
plan at P0% and IMRT plan at P50%, in terms of biological dose statistics. 

 PTV Spinal cord Esophagus Heart Lung 

P4D(%) 98.9 ~0.0 ~0.0 ~0.0 9.6 

PP0(%) 98.9 ~0.0 ~0.0 ~0.0 8.9 
PP50(%) 98.9 ~0.0 ~0.0 ~0.0 13.8 

D 4D (Gy) 59.7 48.5 48.3 2.9 13.9 

D P0 (Gy) 59.7 48.5 48.3 4.4 13.7 

D P50 (Gy) 59.7 48.5 48.3 1.5 15.0 
 

B. Biological dose evaluation  

As a demonstration of the biological comparisons, Table 
3 summarizes the biological dose statistics of the PTV and 
normal tissues for the 4D, P0% and P50% IMRT plans. From 
this table, we can see that the tumor control probabilities of 
these three plans were the same (98.9%).  When comparing 
the complication probabilities of the lung of these three 
plans, the P50% plans had a higher complication rate of 
13.8% than those of 4D and P0% plans (9.6% and 8.9%, 
respectively). 

Table 4 summarizes the overall biological dose statistics 
for the 4D IMRT plan and IMRT plans of P0% and P50%.  As 
we can observe in this table, the P50% IMRT plan had the 
lowest P+ value (85.1%) as compared to the P+ values of the 
4D and P0% plans (89.3% and 90.0%, respectively). From 
the results of both the physical and biological dose 
evaluations, the lower P+ values of the P50% IMRT plan 
should be attributed to the higher mean dose and thus higher 

lung complication probability than the 4D and P0% IMRT 
plans. 

Table 4  Overall biological dose statistics for the 4D IMRT plan and 
IMRT plans of P0% and P50%. 

 4D P0% P50% 

P+(%) 89.3 90.0 85.1 

PB(%) 98.9 98.9 98.9 
PI(%) 9.6 8.9 13.8 

B(Gy) 59.70 59.70 59.60 D

I(Gy) 13.90 13.70 15.00 D

                                                        

IV. DISCUSSION 

The present study aims to clinically interpret the value of 
4D radiation therapy using biological measures in addition 
to physical dose statistics.  The biologically effective uni-
form dose that we used in this study converted the informa-
tion of isodose distribution and DVH into more clinically 
relevant outcomes, expected benefit of tumor control and 
possible injury to normal tissues.  Comparisons among 4D 
treatment plans and fixed-phase IMRT plans at end-

inhalation (P0%) and end-exhalation (P50%) using D  allowed 
us to estimate the clinical impact of respiratory motion 
induced dose uncertainty.  

From the physical results of Table 2, the mean dose dif-
ferences in the target among the 4D, P0% and P50% plans 
were not significant (59.7 ± 0.5 Gy, 59.7 ± 0.4 Gy, and 59.6 
± 0.4 Gy, respectively). However, from the results of Tables 
3 and 4, the PI of the 4D, P0%, P50% plans were significantly 
different (9.6%, 8.9%, and 13.8%, respectively), resulting in 
P+ values of 89.3%, 90.0% and 85.1%, respectively.   

V. CONCLUSIONS 

Biological evaluation using D  is useful in the evaluation 
of 4D treatment plans.  From our preliminary results, the 
composed 4D plan would be almost the same plan as the 
reference respiratory phase (i.e. P0% in our study) physically 
and biologically.  When comparing to plans of other phases 
(ex. P50% in our study), differences could be found in terms 
of normal tissue complication probability as well as compli-
cation-free tumor control probability. 
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Abstract— Purpose: To experimentally validate a new algo-
rithm for reconstructing the 3D positions of implanted brachy-
therapy seeds from intraoperatively acquired 2D cone-beam 
CT sinogram projections. Methods and materials: The itera-
tive forward projection matching (IFPM) consists of finding 
the 3D seed geometry that minimizes the sum-of-squared in-
tensity differences between computed projections of the candi-
date seed configuration and experimentally acquired auto-
segmented projections of the implanted seeds. Projections are 
convolved by 2D Gaussian kernel to provide gradient, neces-
sary for convergence. Four Pd103 post-implant patients were 
scanned using an Acuity digital-simulator with a full 660 pro-
jections conebeam-CT for post-implant dosimetry.  3-10 x-ray 
images were selected from the CBCT sinogram and were pre-
processed to create the binary seed images. The IFPM accu-
racy was quantified both at projections and 3D. Results: For 
all example cases, the mean registration error was found to be 
about 1.2mm; the IFPM converged in 16-21 iterations and in 
4-7 iterations following reduction of Gaussian blurring func-
tion width with computation time of about 1.9-2.3 min-
utes/iteration on a 2 GHz processor. Discussion: The IFPM 
algorithm avoids the need for matching corresponding seeds 
images on each projection as required by standard back-
projection methods and has a potential to accommodate in-
complete projection data. The method has been found to work 
robustly with unknown number of seeds and uncertainties in 
the imaging viewpoints.

Keywords— Brachytherapy, Iterative Forward Projection 
Matching, Conebeam-CT, Sinogram, Reconstruc-
tion

I. INTRODUCTION  

In the last decade, permanent seed implantation has become an 
accepted treatment for patients with organ-confined prostate can-
cer.  Cone-beam-CT imaging system in the brachytherapy treat-
ment room has a potential for intra/post-operative dose-planning, 
evaluation and optimization. Post-implant dosimetry is an impor-
tant step for documenting the procedure and improving treatment 
outcomes. Reconstruction of seed coordinates from 3D CT images 
is problematic because of limited access of CT in the operating 
room, streaking artifacts, and limited slice thickness limitations.  
Multiple 2D x-ray projections avoid these problems.  The widely 
studied back projection methods (Tubic et al. 2001[1], Todor et al. 
2002 [2] and Narayanan et al. 2002[3]), etc. require matching of 
the corresponding seed images in each projection which is not 

always a soluble problem with large numbers of seeds due to seed 
clustering and patient motion during image acquisition; this results 
inaccurate seed localization due to mismatching or missing seeds.   

This presentation assesses robustness and accuracy of a promis-
ing new method, “Iterative Forward Projection Matching” (IFPM) 
algorithm (Murphy and Todor 2005[4]), for reconstructing 3D 
seed coordinates of clinical permanent seed implant locations from 
2D radiographic projections IFPM avoids the need for the seeds’ 
projection correspondence in different images.  Instead it compares 
grayscale image intensities. Also, this method has a potential to 
accommodate incomplete data by iteratively recreating the overlap 
seeds on the matching computed images. This algorithm use imag-
ing view-points as free parameters and it can accommodate gantry 
angle uncertainties up to 8 degree. We have experimentally vali-
dated this algorithm [4] for reconstructing the 3D coordinates of 
implanted seeds of the post-implant patients from 2D projection 
images. We use four post-implant patient datasets to assess IFPM 
algorithm performance in a clinical setting.  

II. MATERIALS AND METHODS

A. Brachytherapy patients and image acquisition details  

The four selected patients (I-IV) were all treated for Stage I 
prostate adencarcinoma and were imaged post-operatively, i.e. 
approximately after 4 weeks of implant using a Varian ACUITY 
simulator equipped with a cone-beam-CT (CBCT) imaging system 
in our institute as shown in Figure1. The permanent seed implants 
consisted of 67, 62, 81 and 60 Theragenics Model 200 103Pd inter-
stitial sources, respectively. The 660 CBCT projections were 
acquired in a 360 degree gantry rotation using Varian 4030CB 
imager, designed for image-guided brachytherapy procedures. The 
detector is 40cmx30cm with a 1024x768 image size and pixel 
resolution of 0.388mm and a 32-bit depth. The Acuity imaging 
geometry consists of a 100cm source to isocenter distance (SID) 
and a 150cm source to detector distance (SDD). It was operated at 
120kVp, 80mA, and 25ms/projections. For those post-operative 
scans, the patients were positioned head first supine with legs 
down. This imaging system can be operated in Conebeam CT 
(CBCT), fluoroscopic and/or radiographic modes. 
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Fig. 1 Acuity imaging system for image-guided-brachytherapy procedure

B. Image pre-processing and autosegmentation of the seeds 

For the seeds extraction testing the sinogram projection datasets 
was processed as follows. The images were cropped, normalized to 
maximum-to-minimum intensity, top-hat-filtered, thresholded and 
labeled to create the binary images to have the pixels leveled 0 are 
the background and the pixels leveled 1 make up each seeds re-
gions;

Where, is the binary mask, m stands for experimentally ac-
quired image and  are the image plane pixels along x and y 

directions.
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Fig. 2 Image pre-processing of 81 Pd103 seed implanted patient datasets (a) 
Original Acuity image (b) Filtered image (c) Typical binary image (d) 2D 
Gaussian blurred image used by IFPM for seeds reconstruction process 

One example case of the image pre-processing and seeds detec-
tion is presented in Figure2. The seed-only images were then 
convolved with the 2D gaussian blur to represent a mathematical 
function which helps to compute the analytic-grayscale-image-
gradient and speed-up the convergence of the matching process. 

C. Initial estimate of the seed configurations and computed 
projection images 

A clinically reasonable initial estimate of the seed configuration 
was obtained from the ultrasound volume study of the prostate of 
the patient, which gives x, y, and z coordinates of each seed cen-
troids within the planning target volume (PTV) for each patient. 
We used this pre-plan as the initial guesses of the implant seed 
configuration. Since, the 2D measured projection images used by 
IFPM algorithm were taken in the CBCT reference frame; we 
transferred the ultrasound coordinates (pre-plan) to the CBCT 
coordinates system by using rotation, translation and scaling. Both 
reference frame of imaging system are orthogonal, right-handed 
coordinate system, the translation was performed by coinciding the 
isocenters (centroids) of the two imaging systems and the rotation 
was obtained by finding the conventional x, y, z coordinates of the 
ultrasound imaging system used in our clinic and transforming 
them to the known CBCT imaging system. The transferred 3D 
seeds configuration (ultrasound-to-CBCT reference frame) was 
rotated and translated for each imaging view-point using nine 
element rotation matrix and a three element translation vector and 
then projected on the imaging plane to compute multiple binary 
seed images for the selected gantry angle after transformations. 
The projected seeds on the imaging plane were then masked to 
create the binary images. The computed binary images of intensity, 
I0 were convolved with 2D gaussian blurring function, 
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D. Similarity measured and gradient-search  

The overall similarity, S S  of the images was measured 
pixel-by-pixel sum of the square intensity difference for all com-
puted,

D

,
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The nonlinear gradient of the similarity with respect to each seed 
coordinates was computed as fol-
lows;
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 were computed similarly for the y and 

z coordinates of the each seed. After computing the analytical 
gradient (steepest-descent search with a parabolic approx.), the 
process iteratively refines the 3D seed positions and each imaging 
view-point until the computed seed projections match with the 
measured projections of the implant geometry. The computed and 
measured projections should have the same imaging geometry, 
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image size and pixel resolution. Each three pair of computed and 
measured projection image datasets with corresponding imaging 
geometry is required for one reconstruction process. The 3N0 seed 
positions plus 6(L - 1) degree of freedom of the imaging view-
points are the freely moveable parameters in each iteration, where 
L is the imaging view-point index. 

The Gaussian blurring function was manually adapted, start-
ing with a larger value ( 1 = 3.5 mm), and running IFPM to con-
vergence (1st step).  Then the IFPM is run again, using a smaller 2
=2.6 mm and the output of 1st step the initial condition.  In future, 
we aim to use adaptive gaussian blurring that changes gaussian 
spreading automatically in each iteration during seed reconstruc-
tion process.  

E. Assessment of the seed registration/ reconstruction error

Assessment was performed in two ways.  First we compared 
the IFPM 3D coordinates with those estimated by the Brachy 
Vision-planning system, using the reconstructed CBCT datasets.   
The resultant seed centroids have limited accuracy because of slice 
thickness limitations, streaking artifacts and problems of resolving 
seed clusters.  Error was quantified by computing the vector and 
scalar displacement between the IFPM and Brachy-Vision coordi-
nates. In the second approach, the seed-reconstruction error was 
estimated by re-projecting the IFPM coordinates at convergence 
onto the 2D image planes, overlying the computed and measured 
seed projection, and calculating the nearest-neighbor distance 
between the measured and computed seed positions in each image 
plane.

III. RESULTS  

Figure 3(a) shows the convergence rate of the two-step process 
for 4 example case patients. Each three pair of measured and com-
puted images were used in these reconstruction processes. All test 
trials for the first step was converged in 16-21 iterations with 
computation time of about 1.9-2.1minutes/iteration and in second 
step 4-7 iterations with computation time of 2.1-2.3 min-
utes/iteration on 2 GHz processor. Figures 3-5 display the accu-
racy of the IFPM seed coordinates in terms of nearest-neighbor 
distance between computed and measured seed positions in each 
image pair, AP-view is shown, (0, ±200 gantry angle were used). 
In Figure 6-8 we show the convergence process and accuracy of 
seed reconstruction comparing with Brachy-Vision planning for 
patient –II; the 2nd step-convergence almost reproduced the meas-
ured seed configurations. The error was calculated by finding the 
minimum-distance (in 3D) between computed (IFPM) and meas-
ured (Brachy-Vision) seed positions. The metal streaking artifacts 
and partial volume averaging effect might introduce the large 
uncertainties in x, y and z coordinates of the centroids when 
extracting the actual 3D seed positions from the CBCT data 
analysis. In Figure 9-10 we show the seed reconstruction using 
incomplete datasets. According to the pre-plan, 60 103Pd seed were 
implanted in this patient, but IFPM found only 59 seeds and 
indicated that some seeds were displaced significantly from their 
expected pre-implant locations. The red arrow identifies the extra-

implant locations. The red arrow identifies the extra-seed in the 
computed image.  

Fig. 3 Convergence matching rate of two-step IFPM for 4 example patients 
after achieving the 1st global minima; since the tail of the 2D gaussian 

blurring was reduced ( 2), the similarity between each-pair of measured 
and computed image increased at the beginning and then decreased again 

Fig. 4 Upper panel: convergence process of the IFPM starting from the 
initial estimate, and compared with the measured image, Lower panel:   
overlay image, reconstructed AP- view and 3D seed positions: Patient – III 

Fig. 5 The nearest-neighbor distance (radial difference: 2D scalar dis-
placement) between the measured and computed seed positions, corre-
sponding histogram plot. For each pair of image, root-mean-square error = 
1.18±0.39mm (AP-View), 1.22±0.51mm (+20 degree) and 1.24±0.48mm  
(-20 degree), we see some seed has still large discrepancy, some of them 
exactly matched 
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Fig. 6 Portray of the seed reconstruction process, red circle shows larger 
discrepancy region: Patient-II (compare column c and d for each gantry) 

Fig. 10 Reconstructing from the incomplete datasets, red arrow shows    
the extra-seed in the computed image: Patient-IV (compare column c & d) 

Fi
g. 7 Comparing IFPM vs Brachy-Vision planning: PA-view, and 3D seed-
locations: Patient-II 

IV. CONCLUSION AND DISCUSSION  

The IFPM algorithm provides ~1.2 mm accuracy in recon-
structing the 3D positions of brachytherapy seeds when tested on 4 
post-implant datasets using CBCT sinogram projections. The test 
trials with 59-81 seed configurations always arrived at the global 
minimum showing that the closest agreement between the meas-
ured and computed seed positions. The IFPM method doesn’t face 
a correspondence problem between the simulated and measured 
projected seed as standard back-projection methods. We are gener-
alizing this algorithm to accurately localize the elongated brachy-
therapy seeds inside patient 3D anatomy which has orientation as 
well as locations. Extension of this algorithm to larger metal ob-
jects, for example needles, Tandem and Colpostats is the subject of 
the further investigations. 

Fig.8 The difference between the computed and measured (from Brachy-
Vision Planning) seed positions for Patient-II, Histogram plot: Root-mean-
square error = 1.58±0.61 mm (in 3D) 
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Abstract— The aim of this study was to assess the impact on 
efficiency and accuracy of a correlated sampling Monte Carlo 
simulation code for evaluating clinical brachytherapy dose 
distributions, accounting for tissue-composition and applicator 
heterogeneities. This code was built upon an extensively 
benchmarked Monte Carlo code, PTRAN_CCG and a CT-like 
cross-section map derived from patient single-energy CT im-
ages. Differences between PTRAN_CCG and the correlated 
code, expressed relative to the statistical uncertainty were 
found to be normally distributed with a standard deviation of 
1.00 and a mean of -0.109 indicating that the correlated and 
conventional Monte Carlo agree within statistical error. Cor-
related sampling increases efficiency by factors of 7.1, 9.1, and 
10.4, for greater than 20%, 50% and 90% of D90, respectively, 
for a 2x2x2 mm voxel grid.  

 
Keywords— Monte Carlo, brachytherapy, correlated sampling. 

I. INTRODUCTION  

Currently, LDR brachytherapy dose calculations are per-
formed using the TG-43 protocol [1], which assumes that 
patients are composed of liquid water and ignores seed-to-
seed attenuation and other applicator-shielding effects. 
Several studies have documented that tissue heterogeneities, 
inter-seed attenuation, and seed anisotropy significantly 
influence low-energy (125I or 103Pd) prostate seed im-
plants [2-4]. For example, Chibani et al [3] showed that 
these effects can influence clinical dose descriptors, e.g., 
D90, by as much as 10% in the prostate. They also showed 
that as little as 1% of calcified prostate tissue by weight can 
reduce D90 by as much as 8-10%.  

CT-based Monte Carlo (MC) codes can rigorously ac-
count for applicator-attenuation and tissue-heterogeneity 
effects which are ignored by conventional treatment plan-
ning systems (TPS). However, the CPU time-intensiveness 
of MC transport solutions has limited Monte Carlo applica-
tions in the clinical setting. For example, Carrier et al 
(2007) reported post-implant Monte Carlo dose calculations 
run times of 4 hrs on a cluster of 8 Intel Xenon 2.4 GHz 
CPU’s to give a statistical uncertainty of 0.1% in the V200. 
This is neither realistic for pretreatment planning nor for 
intraoperative plan adjustment. 

In this abstract, we describe implementation of a general 
variance reduction technique, correlated sampling, in a CT-
based MC brachytherapy dose-calculation engine. We in-
vestigate its accuracy and efficiency.  

II. METHOD AND MATERIALS 

A. Correlated Sampling Concepts 

We have previously described the correlated sampling 
theory in detail [5]. Conceptually, deviations from unit 
density and water composition (including applicators) are 
treated as a perturbation of the corresponding homogenous 
(unperturbed) system. Photon histories are generated for the 
unperturbed geometry and the same set of histories are ‘re-
scored’ by computing weight-correction factors to reflect 
the presence of the heterogeneities. In conventional MC, 
Dhet and Dhom are estimated from independent MC runs 
which must be statistically very precise to give a reliable 
estimate of homhetD D D  

( )corr uncor
hetV D V D 

, requiring many photon histories 
and long CPU times. In contrast correlated sampling scores 
D contribution for each simulated collision by subtracting 
the contributions made by each history to each voxel. Addi-
tionally the same set of histories is used for both homoge-
nous and heterogeneous geometries. Thus, the Dhet and Dhom 
estimates are strongly correlated. For small perturbations 
the random deviations from their expected values will be in 
the same direction resulting in a positive covariance [6]. 
The variance, V(Dcorr), of the estimate of Dcorr may be 
significantly less than the conventional (uncorrelated) 
methods: . However, a positive 
covariance cannot be guaranteed implying that correlated 
sampling could increase the variance depending on the size 
of perturbation.  

hom( ) (r uncorrV D )

If the homogenous dose, Dhom, can be obtained by deter-
ministic methods (e.g. 2D TG-43 formalism), the patient 
doses are calculated as corrections to those of the homoge-
nous geometry, , where 

, is the heterogeneity correction 
factor. The variance of the patient dose obtained in this 

*
hom
nonMC

hetD HCF D 
nonMC
hom1 /corrHCF D D  
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way, , may be significantly less than 
that of uncorrelated MC simulation .  

*( ) ( corr
hetV D V D  )

B. Implementation 

The correlated sampling technique described above was 
implemented in a CT-based MC dose calculation code, 
PTRAN_CT [7]. PTRAN_CT is a MC photon transport 
(MCPT) code designed specifically for fast brachytherapy 
dose calculation. It supports history-by-history uncertainty 
estimation and an optional phase-space source model. It 
also utilizes a fast ray-tracing algorithm by combining 
voxel-based modeling of patient anatomy with general 
complex combinatorial geometry (CCG) ray-tracing capa-
bility. The CCG models sources and applicators as set-
theoretical combinations of analytically described surfaces 
such as ellipsoids, cuboids, cylinders and planes. 
CTCREATE [8] was used to convert Single-energy CT data 
to voxel tissue assignment and density. Tissue compositions 
were taken from ICRU report 44[9] and cross sections were 
derived by a method previously described by Monroe et al 
[10].  

To simplify calculation of the weight correction factors, a 
simplified physical model of photon interactions with tissue 
was used that considers only free-electron Klein-Nishina 
scattering and photoelectric absorption with no characteris-
tic x-ray emission. The expected track length (ETL) scoring 
method [11] was used to calculate , and . corr

hetD hom
corrD corrD

To generate photon histories, a phase space model, which 
incorporates atomic relaxation, characteristic x-ray emis-
sion, and electron binding, of the source was used. Since the 
phase space model includes self-attenuation of the source in 
the homogeneous dose distribution, the difference between 
the homogeneous and heterogeneous does is lessened. This 
allows more heterogeneity to be treated as small perturba-
tions. Figure 1 illustrates that if a phase space model of the 
source is not used, then very limited efficiency gain and 
much more loss is observed since the heterogeneous pertur-
bations are too large for a positive covariance between ho-
mogeneous and heterogeneous dose distributions. Also, 
characteristic x-rays arising within the seed (e.g. by interac-
tions of primaries with the Model 6711 silver rod) are ac-
counted for to a first order approximation.  

C. Evaluating Accuracy and Efficiency 

A clinical permanent prostate-seed implant, consisting of 
78 Model-6711 I-125 seeds, was used to evaluate the accu-
racy and efficiency of PTRAN_CT_corr relative to the 
uncorrelated Monte Carlo code PTRAN_CT. The same 

patient geometry and scoring method (ETL) were used for 
both codes. 

 

 
Fig. 1 Efficiency gain/loss for each voxel is plotted against its correspond-
ing HCF. This was for a patient CT geometry with 78 seeds placed in an 
ideal configuration with no phase space model. 
 

 To quantitatively compare correlated MC dose distribu-
tions, , against conventional MC simulations, , 
the distribution of dose differences at each voxel ijk,

corr
ijkD uncorr

ijkD

ijkd , 
expressed as multiples of the combined statistical uncer-
tainty: 

 

2 2( ) / corr uncorr
ijk ijk

corr uncorr
ijk ijk ijk D D

d D D                                 (1) 
 

was examined. For purely statistical differences, the distri-
bution of ijkd  should be a Gaussian with mean of zero and 
standard deviation equal to 1.  
 The efficiency of a MC simulation is given 
by 1 ( )V T   , where V=2 is the variance and T is CPU 
time. For each individual voxel ijk, the efficiency gain, Gijk, 
between PTRAN_CT_corr and PTRAN_CT is defined as:  
 

   ( ) ( )uncorr uncorr corr corr
ijk ijk ijkG V D T V D T                         (2) 

 

Because  varies significantly with dose level and value 
of 

ijkG

ijkHCF , we computed the mean efficiency gains for those 
voxels with doses greater than 20%, 50% and 90% of D90 in 
uncorrelated simulation, denoted as G20, G50, G90. The effi-
ciency gains within clinical interest regions like prostate and 
rectum were also calculated.  
 2.5 million photon histories were used for both corre-
lated and uncorrelated PTRAN_CT for a 78 seed patient 
prostate implant on a single P4 1.9 GHz processor. The 
simulation volume was kept the same as 9×6.5×8 cm3 with 
voxel sizes of 2×2×2mm3, 1×1×3 mm3 and 1×1×1 mm3, 
respectively.  This yielded average percent standard devia-
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tions, /D hetD

900.5D  

, of 0.56% for 2×2×2 mm3 voxels for 
 for correlated MC simulations.  het

ijk D

III. RESULTS 

The distribution of  comparing correlated MC with 
uncorrelated PTRAN_CT is plotted in Fig. 2 along with a 
Gaussian fit with a mean of -0.109 and standard deviation 
of 1.012. The R-square value equal to 0.9999 demonstrates 
the goodness of the fit. The negative 0.109 standard devia-
tion shift with corresponding 3.5% combined statistical 
uncertainty only indicates 0.38% of average dose difference 
which is negligible.  

ijkd
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Fig 2 The distribution of  as defined in ijkd (1) with Gaussian fit 

 

The simulation time and the efficiency gains, G20, G50, 
G90 are listed in Table I. Efficiency gains of 4-15 are ob-
served. 

Table 1 
  Time (min) G20 G50 G90 

correlated 4.8 2×2×2mm3 
uncorrelated 3.0 

7.11 9.08 10.41 

correlated 6.6 1×1×3mm3 
uncorrelated 4.2 

9.43 12.94 15.76 

correlated 8.4 1×1×1mm3 
uncorrelated 5.4 

4.68 5.62 6.46 

    
 Although a phase space source model was used, an effi-
ciency loss was still observed in the regions of the pubic 
bone. Fig. 3 shows this effect along with reduced efficiency 
in regions of periprostatic adipose tissue. In relation to dose, 
it was found that most voxels that experienced an efficiency 
loss also received less than 50% of D90. Fig. 4 additionally 
shows that correlated sampling can reduce the percent stan-
dard deviation for regions receiving doses greater than 10 
Gy (6.25% of D90).  
    Finally, the distribution of efficiency gains in different 
anatomical regions as shown in Fig. 5 was studied. Within 
the prostate volume, the mean gain is 15 fold whereas in the 
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Fig. 3 2D Efficiency gain distribution from a mid slice in the coronal plane 
 
 

 
Fig. 4 Percent standard deviation vs. dose (1 1 mm3 voxel) 3 

 
rectal volume with doses greater than 50% of D90, corre-
lated sampling increases efficiency 7 fold on average. Table 
2 additionally shows the time required for various voxel 
sizes to achieve a standard deviation of 2% or less in the 
prostate and the rectum volume that receives dose greater 
than 50% of D90.  
 
Table 2 CPU time (in seconds) to achieve 2% SD for different voxel sizes 

using correlated sampling in PTRAN_CT_corr 
 Prostate Rectum (>50% D90) 

2×2×2mm3 17 24 
1×1×3mm3 33 50 
1×1×1mm3 180 240 

IV. CONCLUSION 

    Correlated sampling effectively reduces variance under 
many circumstances. However, regions of low dose or large 
dose perturbations can experience efficiency losses although 
in most cases the maximum dose uncertainty in the 3D 
calculation grid is reduced.  
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a b

c d

Fig 5 a. scatter plot of percent standard deviation vs. HCF for voxels within the prostate; b. histogram of efficiency gain for 
voxels within prostate; c. scatter plot of percent standard deviation vs. HCF for voxels within rectum; d. histogram of efficiency 
gain for voxels within rectum volume that receives >50% of D90. 

 
    Investigations are underway to identify the source of 
this evident particle decorrelation and to determine if 
additional variance reduction techniques, e.g., systematic 
Russian roulette and splitting, can further enhance effi-
ciency and robustness of algorithm performance.   

2. Carrier J, D’Amours M, et al (2007) Postimplant dosimetry using a 
Monte Carlo dose calculation engine: A new clinical standard. Int. J. 
Radiation Oncology Biol. Phys. 68:1190-1198 

3.  Chibani O, Williamson J (2005) MCPI©: A sub-minute Monte Carlo 
dose calculation engine for prostate implants. Med. Phys. 32:3688-
3698 

4. Chibani O, Williamson J, et al (2005) Dosimetric effects of seed 
anisotropy and interseed attenuation for 103Pd and 125I prostate im-
plants. Med. Phys. 32:2557-2566 

For organs relevant to brachytherapy treatment plan-
ning, we have shown that mean efficiency increases of 7-
15 are realized compared to our conventional Monte 
Carlo dose calculations. It should be noted that these 
results are for one patient only, and are not representative 
of a large patient population. Additional study should be 
completed on a larger patient population to determine 
general efficiency gains for the prostate and rectum as 
well as other planning relevant sites such as the urethra, 
bladder, and seminal vesicles.  

5. Hedtjärn H, Carlsson G, et al (2002) Accelerated Monte Carlo based 
dose calculations for brachytherapy planning using correlated sam-
pling. Phys. Med. Biol. 47:351-376 

6. Lux I, Koblinger L (1991) Monte Carlo particle transport methods: 
Neutron and Photon calculations. CRC Press, Boca Raton 

7. Le Y, Chibani O, et al (2005) An integrated CT-based Monte Carlo 
dose-evaluation system for brachytherapy and its application to per-
manent prostate implant. Med. Phys. 32:2068 

8. Walters B, Rogers D (2002) DOSXYZnrc users manual. NRCC 
Report PIRS-794 

Overall, PTRAN_CT_corr has been shown to be a fast 
and efficient brachytherapy planning tool to assess the 
heterogeneous dose distribution delivered to the patient.  

9. White D, Booz J, et al (1989) Tissue Substitutes in Radiation Do-
simetry and Measurement. ICRU Report 44 

10. Monroe J, Williamson J (2002) Monte Carlo-aided dosimetry of the 
Theragenics TheraSeed® Model 200 103Pd interstitial brachytherapy 
seed. Med. Phys. 29:609-621  

ACKNOWLEDGMENT 11. Williamson J (1987) Monte Carlo evaluation of kerma at a point for 
photon transport problems. Med. Phys. 14:567-576 Funded in part by grant R01 CA 46640 awarded by the 

National Institutes of Health. 
 
 

 Author: Jeffrey Williamson   Institute: Virginia Commonwealth University 
REFERENCES  Street: 401 College Street, B-129 

 City: Richmond  
1.  Rivard M, Coursey B, et al. (2004) Update of AAPM Task Group 

No. 43 Report: A revised AAPM protocol for brachytherapy treat-
ment planning. Med. Phys. 31:633-674 

 Country: United State of America 
 Email: JWilliamson@mcvh-vcu.edu 

314 A. Sampson et al.

  
 IFMBE Proceedings Vol. 25  



Investigation of a stereoscopic camera system for gated radiotherapy 

A.Vasquez1, T. Moser1, G. Echner1, G. Sroka-Perez2, C.P. Karger1 

1 German Cancer Research Center/Dept. of Medical Physics in Radiation Oncology, Im Neuenheimer Feld 280, Heidelberg, Germany 
2 University Hospital of Heidelberg/Dept. Radiation Oncology, Im Neuenheimer Feld 400, Heidelberg, Germany 

Abstract— Radiotherapy is a treatment method, where high 
precision for tumour localization is needed. Respiratory mo-
tion of the patient has to be taken into account. In this work, 
the first steps to implement a clinical 4D workflow in a phan-
tom are presented. Using the breathing information recorded 
with a stereoscopic camera system from a breathing cardio-
pulmonary resuscitation (CPR) mannequin, 4-Dimensional 
computed tomographies (4DCTs) can be acquired. Also, a 
second respiration curve was recorded simultaneously using a 
belt around the abdomen of the mannequin, which currently is 
the standard procedure to acquire 4DCTs. A state-of-the-art 
lineal accelerator was successfully gated using the software of 
the stereoscopic cameras. Nevertheless a more complex phan-
tom is needed to perform the geometrical and dosimetrical 
measurements.  

Keywords— Gated radiotherapy, respiration motion, 4D com-
puted tomography (4DCT) 

I. INTRODUCTION  

Radiotherapy is one of the standard treatments methods 
against cancer. Achieving a better dose distribution reduces 
toxicity of the surrounding healthy tissue and opens the 
possibility of dose escalation. Nevertheless, this task be-
comes a challenge, when the tumour is located e.g., in the 
thoracic area.  

One way to reduce the volume of irradiated normal tissue 
is to consider respiratory motion by gating. Here the beam 
is switched on only, if the tumor is in the correct position. It 
is known that the greater distance between the heart and the 
breast at the inspirative phase leads to a decreased dose in 
the heart and the lung, when tangential breast radiotherapy 
technique is applied [1]. This requires monitoring of the 
tumor position directly, e.g. by fluoroscopy, or indirectly, 
e.g. by monitoring tracking points on the surface [2]. For 
treatment planning, a four-dimensional computed tomogra-
phy (4DCT) is required, which is reconstructed with the 
help of an external breathing signal [3]. Aim of this work is 
to investigate the potential of a gated radiotherapy treatment 
for a breast and lung cancer in a phantom.  

At the University Clinic of Heidelberg, two stereoscopic 
camera systems (VisionRT Ltd., London, UK) were in-
stalled. These 3D camera systems are used to generate a 
breathing curve from a cardiopulmonary resuscitation 

(CPR) mannequin. For patient alignment (Operating soft-
ware AlignRT), the accuracy of this optical system has 
already been shown to be in the sub-millimeter range [4, 5] 
and it shows promising results for surface tracking [5]. The 
generated breathing curves will be compared with the stan-
dard ones, acquired with a pressure sensor in a breathing 
belt.  

II. MATERIALS AND METHODS 

A. Stereoscopic camera system 

A CPR mannequin simulating breathing by means of 
compressed air and a mechanical ventilator, provide us with 
a moving surface. This movement is captured in real time 
by the stereoscopic camera system, using suitable software 
(GateCT/RT, VisionRT Ltd., London, UK). From the im-
ages, a breathing curve is generated for preselected tracking 
points. The cameras are mounted at the ceiling of a CT- and 
a treatment room. At the CT, a single system looking into 
the bore of the CT is located in-line with the CT-couch. In 
the treatment room, the two systems are located laterally to 
a linear accelerator (ARTISTE Siemens, Erlangen, Ger-
many) (LINAC), enabling a 180°-view of the patient for 
patient setup. For monitoring of tracing points, however, 
only one of the two camera systems is used.  

The feedback on beam on/off required by the GateCT 
system can be obtained by two methods. Either through a 
direct connection from the CT to the operating console or 
by using a Geiger-Müller counter located at the CT-room. 
At the LINAC, the beam on/off signal is also provided 
through a direct cable connection. 

In the CT, the breathing curve is used to sort the projec-
tions of the 4DCT slices taken by a Somaton Sensation 
Open 64 CT-Scanner (Siemens, Erlangen, Germany). At the 
LINAC, the breathing curve is used to gate the treatment 
machine. 

B. Breathing belt 

Using the Respiratory Gating System AZ-733V (Anzai, 
Tokio, Japan) a different breathing curve from the same 
mannequin is generated. This mechanism consists of an 
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elastic belt placed around its thorax. Inside the belt is a 
small pressure sensor. The acquired respiration signal is 
normally sent to the CT console for the post-processing of 
the CT images. For purpose of investigation this curve can 
also be send to a nearby laptop which includes the required 
software for visualizing and exporting of the data as an 
ASCII file. To be able of importing this information in the 
CT-Console, a C++ program was written to convert its 
format. 

III. RESULTS 

First measurements of the surface’s movement of the 
phantom were successfully conducted with the stereoscopic 
cameras at the CT room. The beam on/off signal was ob-
tained correctly either with the direct feedback connection 
to the CT or through the Geiger-Müller counter.  

The data were later imported to the CT console and 3D 
data sets were reconstructed at 10, 20, 50, 80 % inspiration 
and 100, 70, 40, 0% expiration amplitude (Fig. 1). The 
acquired slices were free of motion artifacts and presented a 
sharp visualization of the phantom surface (fig. 2). 

In addition to the breathing signal recorded from with the 
camera system, we simultaneously recorded the breathing 
signals provided by the breathing-belt (Fig. 3). 

 

 
Fig. 1 An example of a reconstructed slice with the breathing curve at 10, 

20, 50, 80% inhalation and 100, 70, 40, 0% exhalation. 

 
 

Fig. 2 Fused view of a 10% inspiration and 0% expiration image.  

The breathing information was obtained straightforward 
and the system is very stable. A small drift of the breathing-
signal was noticed during the CT acquisition, but this is 
probably due the carbon-fiber table, which starts with a 
small inclination against the horizontal plane and which 
then changes to a horizontal orientation during the scan due 
to its weight. In patients, the initial inclination might be 
smaller due to their larger weight. 

We also tested the software for the gating of the LINAC. 
By defining the gating window, we were able to simulate a 
gated treatment.  

 

Fig. 3 CPR mannequin breathing patterns obtained with the stereoscopic 
cameras (circles) and the Anzai-belt (triangles). The amplitude curve is 

magnified (x 10) for a better visualization. 

IV. DISCUSSION 

The stereoscopic camera systems were successfully in-
stalled and their compatibility with the Siemens machines 
was tested for the first time. Our current status allows us to 
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track the respiration of a CPR mannequin and to properly 
sort CT-projections to reconstruct 4DCTs. Also, we can 
control the beam status of a Siemens LINAC. Further inves-
tigations are necessary to analyze, how the different meth-
ods for obtaining the respiration signals (e.g. from breathing 
belt or the camera system) affect the 4DCT-reconstructions. 

Currently, a new anthropomorphic phantom is being de-
veloped for dosimetrical and geometrical studies. With this 
phantom, it will be possible to study and verify the applica-
tion of a gated treatment for lung and breast cancer. The 
possibility of combining the system with a direct approach 
for tracking, like following the target through fluoroscopy, 
will be evaluated for the gated treatment of lung tumours 
[3].  

V. CONCLUSION  

The stereoscopic camera systems were successfully used 
to reconstruct a 4DCT and to gate a LINAC in a breathing 
phantom  
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Abstract  Dose-volume constraints are widely used in in-
verse planning for radiation therapy. Given the intricate com-
binatorial nature of the problem, existing approaches suffer 
from long runtimes, insufficient approximation of the con-
straints, or the necessity to specify reasonable starting values a 
priori. This can be problematic, particularly when planning is 
considered as a multi-criteria optimization problem. We 
present a new method to handle dose-volume constraints dur-
ing planning for robotic radiosurgery. Taking into account the 
typically very conformal nature of the resulting dose distribu-
tions, we specify the constraints on a small subset of points 
instead of the full volume. We show how this allows for an 
effective relaxation of the problem. Results for a prostate case 
indicate that the proposed method leads to good approxima-
tions of the dose-volume constraints and is independent of the 
optimization objective.  

Keywords  dose-volume constraints, treament planning, op-
timization, radiosurgery, CyberKnife  

I. INTRODUCTION  

While it is debatable whether dose-volume constraints 
(DVC) sufficiently reflect the actual biological effect of 
radiation [1,2], they remain an important tool for assessment 
of treatment plans in clinical practice. However, when DVC 
are included in inverse planning, the resulting optimization 
problem is non-convex and multiple minima may exist 
[3,4]. The severity of the problem will depend on the com-
plexity of the considered cases [5]. 

For gradient based optimization, penalization schemes 
have been successfully used to implement DVC [6,7], i.e., 
there is generally no guarantee of achieving the global op-
timum. In contrast, mixed integer programming (MIP) will 
find the global optimum [8]. However, solving a MIP is 
typically computationally expensive and therefore ap-
proaches which use a coarse set of integer constraints have 
been proposed [9]. One way to completely avoid integer 
constraints is to apply a bound on the mean dose above a 
threshold [10]. While the resulting optimization problem 
can be efficiently solved using linear or quadratic program-
ming, there is no guarantee that the actual DVC is fulfilled. 
Moreover, in order to specify a constraint on the mean dose 
it would be necessary to know this value a priori. Generally, 

this value can only be estimated from a given dose distribu-
tion. Similarly, iterative approaches depend on a known 
dose distribution [11]. Yet another approach to handle DVC 
in constrained optimization is to fix an upper bound on each 
voxel depending on its spatial relation to the planning target 
volume (PTV) [12]. 

The latter approach may be less suitable when the iso-
dose surfaces do not follow the target shape. For example, 
the lower isodose lines in intensity modulated radiation 
therapy (IMRT) typically exhibit dose fingers , i.e., the 
dose follows the beam orientation. Interestingly, this is not 
generally the case for robotic radiosurgery, where a much 
larger number of beams is used within a large non-coplanar 
workspace. Therefore, in general the dose distribution is 
conformal to the PTV shape even at low isodose levels. We 
propose a variant of the spatial constraint method that uses 
an upper bound on a small subset of voxels only. Moreover, 
we show how this implementation of DVC can be relaxed to 
yield a better match to the dose volume histogram (DVH) 
shape specified by the DVC and also improved plan quality. 
In particular, the method allows a priori specification of 
DVC without knowledge of the dose distribution, is inde-
pendent of the optimization objective, and allows imple-
mentation of inverse planning as a linear optimization prob-
lem suitable for multi-criteria optimization. 

II. MATERIAL AND METHODS 

We study robotic beam delivery, where a large number of 
treatment beams are delivered from different non-coplanar 
directions [13]. Each beam is weighted independently and 
the inverse planning problem is a special case of direct 
aperture optimization (DAO) with circular apertures. Initial-
ly a large set of candidate beams is heuristically sampled 
and beam weights are computed using a step-wise multi 
criteria approach based on linear programming [14]. 

Consider a DVC such that the dose in an organ-at-risk 
(OAR) may exceed the dose d for a maximum volume v, 
then the DVC is implemented as follows. First, the OAR is 
partitioned into a high dose and low dose region, where the 
volume of the high dose region is equal to v. Second, a set S 
of points on the surface separating the two regions is sam-
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pled. Third, constraints on the dose in the sampled points 
are added to the optimization problem. As the isodose sur-
faces tend to resemble the PTV shape, we compute the 
surface by growing the PTV isotropically until the OAR 
subvolume enclosed within this surface is equal to v. The 
set S is defined as a sample of points on the portion of this 
surface within the OAR. Hence, for perfectly conformal 
dose distributions and exactly fulfilled DVC, all points in S 
will have a dose equal to d. If the surface is sufficiently 
large, i.e., such that all beams intersect the surface, we can 
assume that all OAR voxels on the far side of the surface 
will have a dose smaller than d. Therefore, constraining the 
points in S to a maximum dose d will effectively enforce the 
DVC. We refer to this implementation as strict-DVC. 

While the proposed approach is straight forward to im-
plement, the assumption of perfectly conformal isodose 
surfaces is generally over-restrictive, i.e., some parts of the 
high dose region will actually receive a dose below the 
threshold. In this case the DVC is still satisfied as it is an 
upper bound but the resulting plan quality with respect to 
other criteria will be sub-optimal because the solution is 
over-constrained. 

The parts of the high-dose region that receive a dose be-
low the threshold d typically correspond to a subset of S 
having a dose below d. Likewise, we can allow a subset of S 
to exceed d and hence to have some volume in the low dose 
region exceed d. This trade-off is acceptable as long as the 
DVC is still fulfilled. To allow for this trade-off, we con-
strain the mean dose over all points in S instead of placing a 
fixed upper bound on each point in S. Essentially this ap-

are offset by cor The resulting mean 
constraint is further limited by only being applied to doses 
greater than d-T, where T is a relaxation parameter which 

 We 
refer to this implementation as relaxed-DVC. 

The method has been applied to prostate and lung cases 
and is illustrated here in the context of prostate treatment. 
The target prescription dose, covering at least 95% of the 
PTV, was 36.25 Gy, with the maximum dose in PTV, rec-
tum, and bladder constrained at 41, 37, and 39 Gy, respec-
tively. Further constraints on the maximum dose in the 
penile bulb (30 Gy), the seminal vesicles (40 Gy), left and 
right femur (18 Gy) as well as on a set of shell structures 
(isotropically expanded surfaces surrounding the PTV at 
varying distances) were in place. DVC restricting the vo-
lume receiving more than 18 Gy to 33 % of the respective 
OAR volume were set for rectum and bladder. The DVC-
relaxation was applied to the top 3 % of the points in S (i.e. 
T = 0.5 Gy). 

To study the robustness of the proposed method with re-
spect to different clinical objectives we considered three 

optimization scenarios. First, the objective was to generate a 
very homogeneous PTV dose by minimizing the maximum 
dose in the prostate. Second, we optimized with respect to 
conformality. Third, the total beam weight was minimized. 
Each optimization objective was run without DVC, with 
strict-DVC, and with relaxed-DVC. 

III. RESULTS 

Tables 1  3 summarize the optimization results for the 
combinations of DVC method and optimization objective. 
As expected, the best objective values are realized without 
DVC. When the maximum dose in the PTV is minimized to 
obtain a more homogeneous dose distribution, the relaxed 
DVC leads to a lower value than the strict-DVC (Table 1, 
first column). Likewise, if the maximum dose in a shell is 
minimized as a surrogate for the dose gradient and confor-
mality, the relaxed-DVC allows for a more conformal dose 
distribution. In fact, the resulting maximum dose in the shell 
is almost the same as that achieved without DVC (Table 2, 
second column). The most substantial difference is seen 
when the total beam weight is minimized. Table 3 shows 
that the result for the relaxed-DVC is 15418 MU compared 
to 14327 MU without DVC. In contrast, the strict-DVC the 
method results in 18768 MU. Furthermore, the number of 
treatment beams also remains higher when the strict-DVC is 
in place. 

Table 1 Results after optimizing homogeneity 

Method Max PTV  
(Gy) 

Max SHELL 
(Gy) 

# beams 
 

# MU 
 

no-DVC 37.56 36.27 276 30000 
strict-DVC 38.32 37.59 238 30000 
relaxed-DVC 37.81 36.34 262 30000 

Table 2 Results after optimizing conformality 

Method Max PTV  
(Gy) 

Max SHELL 
(Gy) 

# beams 
 

# MU 
 

no-DVC 4100 3191 223 30000 
strict-DVC 4100 3212 221 30000 
relaxed-DVC 4100 3192 223 30000 

Table 3 Results after minimizing the total beam weight 

Method Max PTV  
(Gy) 

Max SHELL 
(Gy) 

# beams 
 

# MU 
 

no-DVC 4100 3701 95 14327 
strict-DVC 4100 3800 125 18768 
relaxed-DVC 4100 3621 101 15418 
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Fig. 1 DVHs for PTV and rectum, with no-DVC (left), strict-DVC (center), and relaxed-DVC (right). 

 
Fig. 2 A sagittal slice showing PTV (red), rectum (green), bladder (blue), and the two DVC surfaces (light green, light blue), as well as  

18 Gy and 36.25 Gy isodose contours for min PTV (left), min SHELL (center), and min MU (right) optimization objectives. 
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The PTV dose distributions are illustrated in the first row 
of Figure 1. More interestingly, the first DVH in the second 
row of Figure 1 shows that the dose distribution in the rec-
tum is not acceptable for any optimization objective when 
no DVC is in place. The second DVH in that row illustrates 
that the strict-DVC is over-restrictive. The relaxed-DVC 
leads to a good approximation of the desired dose distribu-
tion for all three optimization objectives. Results for the 
bladder are similar. 

The difference between strict and relaxed-DVC is also 
visualized in Figure 2. When the maximum dose in the PTV 
is minimized, the unrestricted isodose line has a slightly 
non-conformal shape towards the bladder. While the strict-
DVC forces the 18 Gy iso-dose line onto the PTV side of 
the surface structure (light blue), the relaxed-DVC allows to 
compensate the higher doses in region A by lower doses in 
region B. Note that the isodoses are fairly conformal for all 
three optimization objectives. 

IV. CONCLUSIONS  

The results indicate that the proposed approach can be 
used to model DVC for stepwise multi-criteria optimization 
of robotic radiosurgery. Advantages of the relaxed-DVC 
method include a straightforward implementation as pure 
constraints, independence from different optimization ob-
jectives, and fast optimization as linear program. Existing 
linear approximations of DVC use the objective function or 
require a priori knowledge of the dose distribution [10,11], 
which makes it impractical to balance the trade-off between 
the DVC and other clinical objectives. 

Clearly, the presented method is only an approximation. 
One limitation lies in the surface generation. When only a 
very small subvolume of an OAR is subject to the DVC, the 
surface will be small and not all beams hitting the OAR will 
also intersect the surface. Therefore, the assumption that the 
surface partitions the OAR into high and low dose region 
may not hold. However, this can be easily detected and in 
such a case it would be reasonable to specify the location of 
the hot spot directly [15].  

Another limitation is the relaxation, i.e., there is no prin-
ciple rule to determine the amount of relaxation suitable for 
a given case. So far, small relaxations in the order of 3-5 % 
of the dose threshold have consistently led to good results. 
Furthermore, the relaxation parameter itself can be consi-
dered as one objective, i.e., while maintaining all other 
constraints, a variable expressing the relaxation is mini-
mized. Hence, the trade-off between various other clinical 
goals and the objective to strictly fulfill the DVC can be 
analyzed in a systematic way. 

Finally, in the context of stepwise multi-criteria optimi-
zation the method can be easily adapted to also provide an 
optimization objective (of the form; minimize the dose 
received by X% of an OAR towards a goal of d), and then 
set the result as a constraint for subsequent optimization 
steps. 
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Monte Carlo Dose Calculation for Radiotherapy Treatment Planning: Dose to 
Water or Dose to Medium?  
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Abstract—The Monte Carlo method enables accurate dose 
calculation for radiotherapy treatment planning and has been 
implemented in some commercial treatment planning systems. 
Unlike conventional dose calculation algorithms that provide 
patient dose information in terms of dose to water the Monte 
Carlo method calculates the energy deposition in different 
media and expresses dose to medium. This paper discusses the 
differences in dose calculated using water with different elec-
tron densities and that calculated for different biological media 
and the clinical issues in reporting dose using dose to water 
and dose to medium. A recommendation is made based on our 
studies to report dose in medium for radiotherapy treatment 
plan evaluation and for radiotherapy treatment outcome 
analysis.  

Keywords—Radiation Therapy, Treatment Planning, Dose 
Calculation, Monte Carlo. 

I. INTRODUCTION  

The Monte Carlo method is a statistical simulation 
method. For radiation transport problems, it simulates the 
tracks of individual particles by sampling appropriate quan-
tities from the probability distributions governing the indi-
vidual physical processes using machine-generated (pseudo) 
random numbers. Average values of macroscopic quantities 
such as particle fluence, energy spectrum and absorbed dose 
distribution can be calculated by simulating a large number 
of particles. The Monte Carlo method has been demon-
strated to be the most accurate dose calculation method for 
radiation therapy treatment planning and dosimetry verifica-
tion [1-8]. The clinical implementation of Monte Carlo dose 
calculation for radiation therapy treatment planning and 
dosimetry verification for advanced radiation therapy tech-
niques has been reported by several research groups [9-13]). 
The commissioning and clinical validation of commercial 
electron and photon algorithms have been performed at 
different clinical centers [14-16]. Monte Carlo simulation is 
fast becoming the next generation of dose calculation en-
gine for radiation treatment planning systems in routine 
clinical practice. 

Unlike conventional dose calculation algorithms that use 
water with different electron density to account for account 
for the effect of patient heterogeneous anatomy the Monte 

Carlo method calculates the energy deposition in different 
media accurately and reports dose to medium.  

This paper investigates the differences in patient dose 
calculated by conventional dose algorithms and by Monte 
Carlo to examine the necessity to report dose to water in 
radiotherapy treatment plan evaluation and for treatment 
outcome analysis. We will describe the details of the Monte 
Carlo dose calculation in phantoms consisting of different 
materials and mass or electron densities. We will report the 
differences in the numerical values of the dose in these 
phantoms and examine the effects of these dose differences 
on radiotherapy treatment outcome analysis. 

II. MATERIALS AND METHODS 

A. Clinical Photon Beam Simulation 

Monte Carlo simulations were performed using the 
EGS4/MCBEAM code [17] of the Siemens Primus linear 
accelerator (Siemens Medical Solutions, Concord, CA) to 
generate accurate phase space data through a well-
developed commissioning procedure. The phase space data 
were analyzed and source models  [18-22] were established 
to reconstruct the phase space information for 6, 10 and 18 
MV photon beams for this study. The energy cutoffs for 
particle transport and secondary particle generation were 10 
keV for photons and 700 keV (total energy) for electron and 
positrons in the accelerator simulation. The source model 
consists of three sub-sources, an extended primary photon 
source, an extrafocal scattering photon source and an ex-
tended scattering electron source. The Monte Carlo calcu-
lated dose distributions in a water phantom agreed with 
measured percent depth dose (PDD) curves and lateral dose 
profiles to within 2%/2mm for all the energies, source-to-
surface distances (SSD) from 80cm to 120cm, and field 
sizes from 2cm x 2cm to 40cm x 40cm.   

B. Monte Carlo Dose Calculation 

Monte Carlo dose calculations were performed using the 
EGS4/MCSIM code [23] for different biological materials 
with different compositions and mass densities (table 1) and 
for water with corresponding relative electron densities to 
mimic conventional dose algorithms. Layered phantoms of 
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water and heterogeneous materials were used in the dose 
calculation with photon and electron beams of different 
field sizes. The doses to different media were converted to 
doses to water using mass stopping powers ratios for water 
to medium taken from Siebers et al [24] following the 
AAPM TG105 recommendations [8]. These dose values are 
compared to the dose values calculated using water layers 
with corresponding electron densities.  

Patient dose distributions were calculated in the same 
way and target volumes consisting of partial bone and other 
tissues were evaluated. The polarity effect on electron stop-
ping-powers at different densities for water was ignored in 
the Monte Carlo simulations as commonly implemented for 
Monte Carlo patient dose calculations [7-9]. 

Table 1 Physical characteristics of CT calibration phantom materials 

Material Mass  
density  

(g/cm3) 

Electron 
density 

(x 1023/cm3)
Water 1.00 3.340 
Lung 0.20 0.634 
Muscle 1.06 3.483 
Low-density Bone 1.16 3.730 
Medium-density Bone 1.83 5.718 
High-density Bone 2.17 6.698 
Titanium 4.51 12.475 

III. RESULTS  

Dose distributions were obtained for uniform water phan-
toms and layered phantoms of different phantom materials 
for the three photon energies. Figure 1 shows PDDs in wa-
ter with a 1cm bone slab at 6cm depth, a 3cm bone slab at 
10cm depth and a 5cm bone slab at 14cm depth for 6, 10 
and 18 MV photon beams. The field size was 10cm x 10cm 
defined at 100cm SSD. The doses are expressed as dose to 
medium. For comparison dose values for water with corre-
sponding electron densities are also shown. For 6MV pho-
tons the maximum difference is ~3% while for 10MV and 
18MV photons the difference is negligible in regions away 
from the medium interfaces for all broad beams (not 
shown). These differences are ~10% smaller than those 
converted using the stopping-power ratios.  

Figure 2 shows Monte Carlo calculated dose distributions 
in the same layered bone-water phantom for 6, 10 and 18 
MV photon beams for a 1cm x 1cm narrow field defined at 
100cm SSD. The difference between dose to medium and 
dose to water using corresponding electron density is 
smaller than the dose perturbation caused by the heteroge-
neity. Again, the dose to water with a corresponding  

electron density is actually 7-10% lower than that converted 
using the stopping-power ratio of water to bone.  

For patient dose calculation, the dose to medium distribu-
tions are generally consistent with those calculated using 
water with different electron densities with small dose per-
turbations near the medium interfaces. These results agreed 
with the findings of Ma et al [25]. Converting dose to me-
dium to dose to water in patient dose distributions caused 
more than 10% dose heterogeneity in mixed tissue-bony 
target volumes or false 10% hot or cold spots in some cases. 

 
Fig. 1 Depth doses in a layered bone-water phantom for 6, 10 and 18 MV 
photon beams (solid lines: dose to medium, dotted lines: dose to water with 
corresponding electron density). Field size = 10cm x 10cm at 100cm SSD 

IV. DISCUSSION  

Since our previous radiotherapy experience was based on 
dose to water (or dose to tissue, the difference between the 
two is ~ 1%) it seems reasonable that the dose values should 
be expressed as dose to water/tissue. It has been argued, 
however, that the real dose to the biological material, such 
as bone, should be given whenever possible. Only in this 
way can the relationship between the “old” practice and 
“new” experience be established. The AAPM TG105 report 
[8] recommended that both dose to water and dose to me-
dium be reported in the final calculation results.  

The results from this study show that contrary to the popu-
lar perception, conventional photon dose calculation using 
water with different relative electron densities produces dose 
distributions that are much closer to Monte Carlo calculated 
dose to medium than to Monte Carlo calculated dose to water 
converted using mass stopping-power ratios of water to bone 
for commonly used clinical photon beams. This may be ex-
plained by the fact that the photon dose deposition depends 
mainly on the electron density since the predominant mode of 
interaction is Compton scattering for commonly used clinical 
photon beams. There is no such thing as “water with a higher 
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electron density”. The dose deposition in “high electron-
density water” gives dose to a medium with the correspond-
ing electron density. Of course, the exact value of the dose to 
the medium may depend on the actual implementation (e.g., 
the mass density used for the medium). Thus, the dose depo-
sition scaled based on the relative electron density is effec-
tively dose to medium (with the corresponding electron den-
sity), as implemented in many correction-based or model-
based conventional dose algorithms.  

 
Fig. 2 Depth doses in a layered bone-water phantom for 6, 10 and 18 MV 
photon beams (solid lines: dose to medium, dotted lines: dose to water with 
corresponding electron density). Field size = 1cm x 1cm at 100cm SSD 

To be more specific, our results from this investigation 
indicate that the previous dose to water calculation with 
variable electron density is similar to the Monte Carlo dose 
to medium calculation in terms of the numerical values. 
Therefore, dose to medium should be a better quality for 
Monte Carlo dose calculations, which provides a direct link 
to the conventional dose to water calculation and such dose 
values can be directly used for radiotherapy plan evaluation 
and outcome analysis.  

It should be noted that the CT number to medium type 
conversion has a significant uncertainty that only has a 
minor effect on the dose-to-medium distribution (because 
there are only small dose differences between different 
media). However, if one converts the dose to water the 
uncertainty may become higher since it may introduce 
>10% changes in the dose value depends on the medium 
type especially for voxels that contain mixed medium types 
such as air, tissue and bone. 

V. CONCLUSION 

For practical radiotherapy treatment plan evaluation (to 
avoid unnecessary dose heterogeneity in targets consisting 

of bone and soft tissues caused by the additional dose-to-
water conversion, which could be confused with the actual 
hot or cold spots) and for consistent outcome analysis, 
Monte Carlo dose calculation should report dose to medium 
rather than dose to water.  
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Abstract 
Breast tissues are known to be very radiosensitive to radiation for carcinogenesis. The radiation dose received by 
the contralateral breast (CLB), therefore should be of primary concern during radiotherapy of primary breast 
cancer. The purpose of this study was to compare CLB skin entrance dose (SED) and to verify prescribed chest 
wall dose delivered to Ca-breast patients with mastectomy, treated either with Co-60 teletherapy machine or 6 
MV photons from linear accelerator (LINAC) with three fields SSD technique, at NORI, Islamabad. TLD-100 
chips were used to measure CLB -SED and chest wall doses. Sixty patients were taken for the measurement of 
these doses . Chest wall doses were found to be in the range of 2.07-2.25Gy per fraction (3.5% to 12.5% higher 
than the prescribed dose of 2 Gy per fraction) for Co-60 machine while this dose was measured to be in the range 
2.05. – 2.18 Gy (2.5% to 9% higher than the prescribed dose) from LINAC.  The CLB-SEDs for patients treated 
with Co-60 machine were found to be in the range of 3.2 −10 Gy depending on the area of the primary breast to 
be treated. While these doses to the patients treated with LINAC were in the range of 2.6 −7.5 Gy.  For 
comparison purpose fifteen patients were partially treated both with LINAC and Co-60 machines for dose 
measurement. For these patients, on average, CLB doses delivered by Co-60 machine were found to be 43% 
(range: 27 -56 %) higher than those of LINAC for patients with mastectomy. CLB doses for patients with 
lumpectomy were found to be higher than those with mastectomy for the same lateral separation.  The use of 
conventional half beam block of Co-60 machine was found to be the main contributing factor for higher CLB 
doses.  
 
Keywords: breast cancer, Contra lateral breast, Skin entrance dose (SED), radiotherapy, TLD. 

 
Introduction 
Radiation is a cancer healer, but it is also carcinogenic 
(can induce cancer), therefore it has been described as a 
‘‘two-edged sword’’ [1]. Breast cancer is found to be the 
most commonly occurring cancer in women registered at 
NORI for radiotherapy. Breast tissues were already known 
to be radiosensitive to radiation for cancer 
incidence[1,2,3] but as per ICRP new recommendations 
[4],  the breast tissues are found to be even more sensitive 
than it was expected earlier for radiation carcinogenesis 
(WT for breast is increased from 0.05 to 0.12).  Secondary 
breast cancer in women, especially under the age of 45 
years, after radiotherapy of primary breast cancer [3], has 
therefore become an important issue. Every effort should 
be made to reduce the dose to the untreated/ contra lateral 
breast (CLB) from scattered radiation, during radiotherapy 
[5]. Furthermore, under or over dosage of the chest wall 
during the course of radiotherapy of patients with 
mastectomy, will affect the treatment outcome or may 
cause other complications. It is therefore desirable to 
quantify and to evaluate methods to minimize dose to the 
contra lateral breast and to verify the accurate prescribed 
dose delivery to the treated breast. During the past two 
decade many studies have foundthe various level of doses 
to CLB ranging from few cGy to few Gy, for different 
treatment techniques used to treat primary breast cancer 
by radiation [6-18]. At NORI, SSD technique with three 
treatment fields: one anterior supra-clavicular (SCL) and 
two oblique tangential fields parallel and opposed to each 
other (i.e. lateral and medial tangential field) using 

conventional radiotherapy with physical beam modifiers, 
is in common practice. During tangential breast 
irradiation, half of the field is blocked either by using 
conventional half beam block or with asymmetric 
collimator openings to eliminate the divergence of 
radiation into the lung and to avoid irradiating critical 
organs or tissues on the contra lateral side by the exit 
beam. However, CLB will still receive some dose due to 
scattered radiation from the primary beam. The treatment 
is carried out with two different treatment modalities: 
Linear accelerator (LINAC) with 6Mv photons and Co-60 
teletherapy machine. 
 
Materials and Methods 
Measurements of doses to chest wall and CLB were 
carried out for thirty (30) patients with Ca-breast, having 
conventional external beam radiotherapy either by Co- 60 
teletherapy machine (Theratron- Phoenix) with 80cm SSD 
or by 6 MV photons from LINAC (GE- Saturn-41) with 
100cm SSD, during the three months. Almost all the 
patients were having complete mastectomy while few of 
them were having lumpectomy with conserved breast. 
Fifteen (15) patients were treated partially first with Co-60 
machine and then with LINAC, in order to compare chest 
wall and CLB doses. A tissue-equivalent bolus material of 
thickness 1.5 cm was used for the patients treated with 
linear accelerator to bring maximum dose buildup region 
closer to the skin. 
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Thermo luminescence dosimeters, TLD-100 (LiF.Mg.Ti) 
were used to measure doses. Pre-calibrated five TLD-100 
chips wrapped in polyethylene were used to measure dose 
at a single point. Two central points were marked on each 
patient to measure chest wall doses of the treated area, 
whereas for CLB doses three points were used on a single 
patient. These points were marked at a distance of 2, 4 & 
6 cm respectively from the medial tangential field edge on 
the CLB. The chest wall of the patients with mastectomy 
was treated with two fields: medial tangential (MT) and 
lateral tangential (LT) with daily dose of 2Gy/fraction, 5 
fraction/ week to a total dose of 50Gy. Supra-clavicular  
(SCL) field was used to treat axillary lymph nodes with 
the same dose pattern (2Gy/frn, in 25fractions).  For MT 
& LT fields, half of the field was blocked using 
conventional HBB (made up of cerroband) on Co-60 
while asymmetric collimator jaws were used in linear 
accelerator.  TLDs were placed on the marked points 
during the treatment with all the three fields for that day. 
After the completion of treatment, the TLD packets were 
removed and kept in radiation free environment and dose 
was measured by reading the TLD chips on RA’94 TLD 
Reader, after 24 hr. The mean of the 5 TLD chips reading 
was taken as the dose at a single point and the average of 
the doses at three points on the CLB was taken to be CLB 
dose per fraction. For each patient the CLB-SED 
measurements were taken at least three times during the 
course of treatment, the average of which was taken as the 
measured dose for that patient per fraction. The precaution 
was taken to put the TLD chips at the same position 
during all the measurements. These doses were then 
converted into total CLB-SEDs for the whole treatment by 
multiplying it with the total No. of fractions. As the 
scattered radiation to the CLB are directly related with the 
area of the primary breast irradiated, the lateral separation 
(LS) of the two tangential fields for each patient was 
measured and taken as the size of the treated breast. 2-3 
patients with the same LS were taken for the calculation 
of average dose to Chest wall & CLB for that LS. 

 
Results & Discussions 
Chest wall doses for thirty patients treated with Co-60 
machine were found to be in the range of 2.07-2.25Gy per 
fraction (3.5% to 12.5% higher than the prescribed dose of 
2 Gy per fraction) for Co-60 machine thus resulting in 
extra dose up to max. of 6.25Gy during the entire 
treatment with 25 fractions to the chest wall for some 
patients, while this dose was measured to be in the range 
2.05. – 2.18 Gy (2.5% to 9% higher than the prescribed 
dose)  from 6Mv linear accelerator with max. extra dose 
of 4.5Gy over the entire treatment for few patients. The 
main contributing factor to these extra doses may be the 
scattered radiation from the SCL-field, which increased 
with increase in SCL-field size and patient’s thickness. 
The other factors could be the presence of tissue in-
homogeneities such as lung and error in the source to skin 
distance measurement. 

 
CLB skin entrance doses of thirty patients treated with 
Co-60 machine were found to be in the range of 3.2 −10 
Gy (6.4%−20% of the dose of 50 Gy delivered to 
primary/treated breast) for lateral separation of 16 -31cm 
of the two tangential fields, during the entire treatment of 
primary breast with 25 fractions each for the three fields 
(two tangential & one SCL) with an average dose of 
6.03Gy. It was observed that the CLB dose increase with 
increase in lateral separation, which in turn is related with 
the field size of the primary beam. The linear relationship 
between the two is evident from Fig. 1 & 2 separately for 
the two machines. 
CLB-SEDs to patients treated with linear accelerator were 
found to be in the range of 2.6 Gy−7.5 Gy (i.e., 
5.2%−15% of the dose of 50 Gy delivered to primary/ 
treated breast) with the average of 3.51Gy for the thirty 
patients.  
 
For comparison purpose, fifteen patients were treated 
partially on both machines (Co-60 as well as LINAC 
(6Mv)) and CLB doses were measured separately from the 
two machines. The data is given in table-1. The patients 
data marked with an asterisk (*) and written in bold form, 
were those with conserved breast after lumpectomy. It can 
be seen from the table that CLB doses for these patients 
are higher as compared with those with complete 
mastectomy for the same lateral separation of the two 
tangential fields. This may be because of the presence of 
conserved breast tissue which produces additional 
scattered radiation to CLB. 
The table-1 also shows that the average CLB doses have 
been increased by about 46% if the patients were treated 
using Co-60 teletherapy unit with conventional HBB 
instead of  6 MV linear accelerator equipped with 
asymmetric collimator jaws.  Fig-3 shows comparison of 
CLB skin doses delivered by Co-60 and LINAC.  
 
Conclusion  
The following can be concluded from this study: 

i. TLDs are the most convenient to use for contra 
lateral breast skin dose measurements. 

ii. Chest wall doses as well as CLB doses, delivered by 
Co-60 gamma ray are higher than those by 6 MV 
photons from LINAC. 

iii. CLB SED increase with increase in size/area of the 
primary breast to be treated as well as the patient’s 
thickness. 

iv. CLB doses to patients with lumpectomy (conserved 
breast) are much higher than those with mastectomy 
for the same lateral separation.     

v. Contra lateral breast skin doses delivered by Co-60 
machine are about 46% higher than those delivered 
from 6 MV LINAC. 

vi.   Use of half beam block instead of asymmetric  
collimator in Co-60 machine increases the dose  to 
contralateral breast. 
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Table-1: Comparison of CLB doses of Ca- breast patients by 
 LINAC and Co-60 machine. 

For patients with mastectomy:  
average CLB dose: by LINAC =4.23Gy, by Co-60=6.02 Gy,  
Difference= 43% using the formula [(DCo-60 - DLINAC)/ DLINAC  ] *100  
for the given range of breast size/ lateral separation (16-31cm) 

 
Fig. 1: CLB Dose as a Function of Patient’s Lateral  
           separation by Co-60. 
 
 

 
 

Fig. 2: CLB Dose as a Function of Patient’s Lateral  
           separation by LINAC. 

 

-  
 
Fig. 3: Comparison of CLB doses from LINAC and 
            Co-60 machine for patients with mastectomy. 
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Abstract—With the recent advancements in in-room patient 

imaging devices and the development of corresponding image 

correction methods on Megavoltage cone-beam CT images, 

daily or weekly calculations of actual absorbed treatment dose 

are feasible. In order for such procedures to be used clinically, 

an efficient workflow process must be established. To facilitate 

this goal, a new standalone workstation prototype has been 

developed which integrates all of the necessary steps for dose-

guided radiation therapy (DGRT). The available functions 

include patient image correction (for the cupping and missing 

data artifacts), calibration, completion, recontouring, and dose 

recalculation. Dose comparison tools are also available to track 

the dosimetric impact of anatomy and positioning changes 

through the course of treatment. Here, we present the integra-

tion process of this new workstation to ensure accurate image 

correction and dose calculation. We validate the image correc-

tion by comparing the corrected cone-beam image with the 

planning kVCT image to verify that the corrected image is 

properly calibrated to the proper Hounsfield Units. For dose 

calculation, we compare the results of the Konrad-based 

DGRT workstation to the results of Pinnacle
3
 Treatment Plan-

ning System. 

Keywords— Megavoltage cone-beam CT, dose calculation, 

dose-guided radiation therapy, image-guided ra-

diation therapy, cone-beam image correction. 

I. INTRODUCTION  

Treatment day dose information has long been sought af-

ter to help evaluate the quality of treatment and to provide 

accurate tracking of the treatment progress. In the past, such 

a goal was limited by (1) the lack of frequent 3D treatment 

day images, (2) the length of time it takes to prepare an 

image for dose calculation in a treatment planning system, 

and (3) the lack of an efficient way to correct treatment day 

images to the correct density. Until the recent developments 

of in-room patient imaging devices, daily or weekly treat-

ment day images were only possible if the patient was re-

imaged with a conventional kVCT scanner. Additionally, 

even with the in-room imaging devices available, dose cal-

culation was not possible unless scatter and density correc-

tion algorithms were found for these new modalities. 

Over the past few years, we have been working to de-

velop a clinically usable workstation to perform dose-

guided radiation therapy (DGRT) using treatment day im-

ages obtained using the MVISION
TM

 Megavoltage Cone-

beam Computed Tomography (MVCBCT) system (Siemens 

Oncology Care Systems, Concord, CA) [1]. Correction 

methods for head-and-neck [2] and pelvic [3] images have 

been defined, and a DGRT workflow [4] has been created to 

realize this goal of daily or weekly patient dose tracking. 

Each of these steps was previously tested independently. In 

this paper, we validate the integration and discuss the func-

tionalities of our DGRT workstation prototype, which dra-

matically improves the speed and efficiency of the DGRT 

process to become feasible for clinical use.  

II. METHODS AND MATERIALS 

A. Imaging and plan specifications 

 The workstation has been created to work with any 

MVCBCT images taken with the MVISION
TM

 system. The 

only limitation in acquisition dose that can be used for 

DGRT is for image quality. Based on the treatment site, a 

high enough acquisition dose needs to be used to obtain 

enough soft tissue contrast for recontouring purposes. From 

our experience, head-and-neck cone-beam images taken at 

8MU (7.2cGy at isocenter) with the standard treatment 

beamline provide sufficient contrast for the anatomy of 

interest. For pelvic patients, cone-beam images taken with 

10MU (8.0cGy at isocenter) or higher are needed to provide 

sufficient contrast. Due to the slightly higher dose needed to 

obtain the adequate image quality, images used so far have 

been acquired once a week. However, lower acquisition 

doses can be used if the anatomy of interest can be seen. 

Lower acquisition doses (1.0 - 3.0 cGy) can also be used 

with the new imaging beamline [5]. Additionally, with the 

current workflow, images that have been acquired over the 

past few years with MVISION
TM

 and that are currently 

available can be used for retrospective studies with DGRT. 
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Fig. 1 Functions available on the DGRT workstation. 

 
Currently, converted DICOM IMRT treatment plans and 

contours from the Pinnacle
3
 Treatment Planning System 

(Philips Medical Systems) can be imported into the work-

station. Plans created with the Corvus  Inverse Planning 

System (Best NOMOS Radiation Oncology) may also be 

used with some modifications to the DICOM header. 

B. DGRT workstation functionalities and workflow 

A snapshot of the DGRT functionalities is shown in Fig. 

1. The workflow generally follows the button layout in the 

first two rows. A summary of the workflow is as follows: 

 

1.  Register the images 

2.  Correct and complement the MVCBCT image 

3.  Show the corrected cone-beam volume to the user 

4.  Save the corrected cone-beam volume 

5.  Extract the skin contour for the cone-beam image (to 

define the air region outside the patient) 

6.  Calculate planning dose 

7.  Calculate treatment dose 

8.  Show DVH  comparison and dose distributions 

C. Correction algorithms 

The first key component of validating the workstation is 

to evaluate the correction algorithms. There are two differ-

ent correction methods, one for head-and-neck cases and 

one for pelvic cases, currently being integrated into the 

workstation. The head-and-neck correction is a CT based 

correction in which the planning kVCT image is used as a 

reference to correct for the scatter and beam-hardening 

artifacts in cone-beam CT [2]. The pelvic correction utilizes 

a set of custom built pelvic-shaped water phantoms to cor-

rect for these same artifacts [3]. The validation was per-

formed using a patient image set by comparing the CT 

Hounsfield Unit (HU) values to the final corrected cone-

beam values. 

After the correction is applied, the cone-beam image is 

complemented using the original planning kVCT to replace 

the missing data from the cone-beam image due to the lim-

ited field-of-view of the cone-beam imaging system. This is 

required for dose calculation to account for any scatter or 

attenuation from the beams should they go through any of 

this missing anatomy. 

D. Dose calculation 

The last major component that must be evaluated is the 

accuracy of the dose calculation. On the workstation, a 

pencil beam dose calculation engine based on the Konrad
TM

 

Inverse Planning Software (Siemens Medical Solutions 

USA) is used. An important concept that was developed in 

our DGRT clinical workflow [4] is to renormalize all of the 

beam weights by the same multiplicative factor to preserve 

the same dose to the isocenter as in the original plan. This is 

done to accommodate for any small differences that may be 

introduced in the dose distribution due to differences in 

dose calculation algorithms. Since this extra step is intro-

duced to the process, it is important that the process is per-

formed in the correct order; namely, that the plan is renor-

malized for the planning kVCT, and that this modified plan 

is used to calculate the dose distributions for both the plan-

ning kVCT and the treatment day cone-beam images. Note 

that the renormalization process is only performed once per 

patient on the planning kVCT image and not on the cone-

beam images.  

The dose calculation algorithm was validated using a 

24x24x24cm water block phantom with a small region of 

interest (ROI) drawn around the isocenter to compare the 

average doses in the region. A simple plan was created in 

Pinnacle
3
 with a single 10x10cm square field AP beam 

through the center of the water block. The dose distribution 

was calculated in both Pinnacle
3
 and on the DGRT worksta-
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tion for comparison using the same dose resolution grid 

size. 

III. RESULTS  

A. Correction factors 

To validate the correction factors, we examined a lateral 

profile through the center of a corrected cone-beam image 

and compared it to the profile through the CT image in the 

same location and slice. Fig. 2 shows an overlay of both 

image profiles as well as an image of the location of the 

profile slice. 

 

 
Fig. 2 Image profiles of the CT image, and the corrected cone-beam image 

from a patient dataset. Both profiles were taken using the same transverse 

slice. The profile that was taken is shown in the lower image. 

 
Fig. 3 Visual comparison of corrected cone-beam and planning kVCT 

images. 

 
The same patient dataset is shown in Fig. 3 as a sagittal 

slice of both the planning kVCT and the corrected and com-

plemented cone-beam CT with the same windowing level to 

show a visual verification of the correction on a clinical 

case. The cupping artifact has been eliminated and the den-

sities have been scaled to the same values. 

B. Dose calculation 

As has been shown in other publications [5], a dose cal-

culation accuracy of better than 2% can be obtained if the 

HU is within 5% and 10% for water-equivalent and bone-

equivalent densities. From the values shown in Fig. 2, we 

found the mean and standard deviation of the difference in 

HU to be -13 and 61 respectively. Our correction methods 

produce HUs with a maximum error of 6% to mostly mus-

cle-equivalent tissue, indicating adequate tissue density for 

dose calculation purposes. 

A small ROI was drawn around the isocenter of the water 

block phantom to obtain statistical information about the 

dose near the isocenter. Table 1 shows the mean, maximum, 

and minimum dose within this small region. The cylindrical 

ROI is about 324cm
3
 in size and is centered at the isocenter. 

The mean dose matches to less than 0.5%, showing good 

agreement between the two systems. The maximum and 

minimum dose varied slightly more, but the sensitivity of 

these values is much higher and the differences are likely 

due to the difference in dose calculation algorithms.  

Table 1 Isocenter ROI statistics for water block phantom 

 Mean Dose  (Gy) Max Dose (Gy) Min Dose (Gy) 

Pinnacle 2.071 2.370 1.798 

DGRT 2.078 2.322 1.864 

%Difference -0.332 2.053 -3.553 

  

  
 IFMBE Proceedings Vol. 25  

336 J. Cheung et al.



 
Fig 4. Side by side comparison of the dose maps from the DGRT work-

station for a planning kVCT and a (corrected) treatment MVCBCT image. 

 
A screenshot of the calculated dose distribution from the 

DGRT workstation for the planning kVCT image and the 

treatment MVCBCT image is shown in Fig. 4. With the 

final dose distributions from the original plan and the actual 

absorbed dose from the treatment day, the DGRT process is 

complete and analysis can be performed on the data. A 

similar image from a different patient dataset is shown in 

Fig. 5. The DGRT workstation shows adequate coverage to 

the planning target volumes (PTV) as compared to the dose 

distribution calculated in Pinnacle
3
.  

IV. CONCLUSIONS  

After carefully examining the results of the DGRT 

workstation prototype and validating the results with the 

original CT image for the correction factors and the dose 

calculated by Pinnacle
3
, we are confident that the new 

workstation is ready for clinical studies. With such a tool in 

place, adaptive radiation therapy techniques can be devel-

oped and introduced to the clinic. An accurate estimate for 

the deposited dose on treatment day can be obtained within 

minutes and compared with the planned dose distributions 

either within specific volumes or as an overall distribution.  

Dosimetric considerations can also be used to determine the 

most effective time for patient replanning. Additionally, 

tumor response and radiation side-effects can be understood 

based on actual absorbed dose during treatment. Non-rigid 

deformation tools are currently being introduced to the 

workstation, which will allow us to be able to perform all of 

the necessary DGRT steps within a short timeframe allow-

ing for routine patient dose tracking to be feasible in the 

near future. 

 

 
Fig. 5 Screenshot of dose distribution from the DGRT workstation with 

isodose colorwashes and contours for the PTV70 and PTV60 volumes. 

Displayed also are the beam angles from the treatment plan (Note that the 

beam geometries are not displayed in the figure, only the beam angles). 
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Abstract— To verify the fluence distribution and number of 
monitor units for dynamic treatment techniques each patient 
treatment plan is applied to a measuring device before first 
treatment. We verify Rapid Arc treatment plans patient 
oriented using the IMRT-MatriXX (IBA, Schwarzenbruck, 
Germany). Therefore we generated a verification protocol. 3 
patients with cerebral metastasis, 2 patients with head and 
neck cancer, and 5 patients with prostate cancer receiving 
Rapid Arc radiotherapy were included in this study. It is poss-
ible to verify the 2D fluence distribution and the number of 
monitor units of Rapid Arc treatment plans using IMRT-
MatriXX within a few minutes. Therefore we recommend the 
use of the IMRT-MatriXX for Rapid Arc treatment plans in 
the clinical routine.  

Keywords— radiotherapy, dynamic treatment, Rapid Arc, 
verification, patient oriented  

I. INTRODUCTION  

Rapid Arc radiotherapy technology from Varian Medical 

Systems is one of the most complex delivery systems cur-

rently available, and achieves an entire intensity-modulated 

radiation therapy (IMRT) treatment in a single gantry rota-

tion about the patient. Three dynamic parameters can be 

continuously varied to create IMRT dose distributions - the 

speed of rotation, beam shaping aperture and delivery dose 

rate [1]. The variation of three dynamic parameters is used 

to cover the planning target volume with clinical acceptable 

dose and to spare the organs at risk and normal tissue. Due 

to the volumetric single arc the treatment can be performed 

in less time than IMRT treatment plans. Rapid Arc treat-

ments in cervix uteri cases has shown significant improve-

ments in organs at risk and healthy tissue sparing with un-

compromised target coverage leading to better conformal 

avoidance of treatments with respect to conventional IMRT. 

This, in combination with the confirmed short delivery time, 

can lead to clinically significant advances in the manage-

ment of highly aggressive cancer types [2]. Presupposition 

for clinically significant advances in the management of 

cancer is the correct calculation of the dose distribution and 

the correct treatment delivery. Gagne at al. have shown that 

the calculation of the dose distribution can be performed 

with a clinical acceptable accuracy using the calculation 

algorithm AAA (anisotropic analytical algorithm [3]) using 

a resolution of 2.5 mm or better [4]. Ling et al. have shown 

that the DMLC movement, variable dose-rates and gantry 

speeds can be precisely controlled during RapidArc [5].  

In opposite to 3D conventional treatment techniques in 

dynamic treatment techniques the verification of the number 

of monitor units is much more complex. Therefore the flu-

ence distribution is verified using 2D or 3D measuring de-

vices like 2D ionizations chamber arrays or phantoms 

equipped with radiographic films.  

The purpose of this study was to analyze the use of 

IMRT-MatriXX for the verification of Rapid Arc treatment 

plans.  

II. METHOD AND MATERIAL  

A. Treatment plans 

For the calculation of the dose distribution the treatment 

planning system (TPS) Eclipse Version 8.5 (Varian medical 

systems, Helsinki, Finland) using the anisotropic analytical 

algorithm (AAA) Version 8.2.23 with a grid size of 0.2cm x 

0.2cm x 0.2cm was used. The AAA is a 3D pencil Beam 

convolution/superposition algorithm that uses separate 

Monte Carlo derived modelling for primary photons, scat-

tered extra-focal photons, and electrons scattered from the 

beam limiting devices [3]. The used beam data was meas-

ured at a Clinac 2300 C/D equipped with an on board im-

ager (Varian medical systems, Palo Alto, CA, USA).  

After creation of the patient treatment plan a verification 

plan was generated. Therefore the original patient treatment 

plan was projected to a computed tomography (CT) scan of 

the IMRT-MatriXX including 4 cm polymethylmethacrylate 

(PMMA) above and underneath the active measuring area (s. 

figure 1). The dose distribution on the IMRT-MatriXX CT 

dataset was calculated with fix number of monitor units.  

 

B. Analyze  

The 2D fluence distribution in the active measuring area 

in the frontal CT slice was exported with a resolution of 1 

mm and imported into the software OmniPro (IBA, 

Schwarzenbruck, Germany). The measured fluence distribu-

tion was generated during one rotation of the gantry around 

the IMRT-MatriXX in movie mode and interpolated into a 

resolution of 1 mm. The Rapid Arc treatment plan verifica-

tion and patient treatment took place at a Clinac equipped 
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with an on board imaging system (Varian medical system, 

Palo Alto, Ca, USA). The analysis was made using gamma 

evaluation [6] to compare the measured and the calculated 

fluence distribution. The gamma evaluation criteria were 

3 % and 3 mm. To success the evaluation 99 % of the pixel 

had to be in the area of gamma beneath 1.  

 

 
Fig. 1 Rapid Arc patient and verification plan  

Figure 1: Rapid Arc patient and verification treatment 

plan. a) Rapid Arc treatment plan of a patient with two 

cerebral metastases. b) Rapid Arc verification plan of the 

same patient calculated on a CT dataset of the IMRT-

MatriXX.  

III. RESULTS  

The calculations of the verification plans took place in 

less than 15 min. Due to the use of the record and verify 

system the verification plan had to be handled like a treat-

ment plan of a real patient to get the verification plan ap-

plied to the measuring device.  

The IMRT-MatriXX was accomplished in less than 15 

min including 10 min for warm up and measuring of an 

unblocked photon field to irradiate the ionization chambers 

before measurement.  

The treatment and measurement of the Rapid Arc verifi-

cation plan took place in less than 2 min. The treatment time 

depends on the complexity of the fluence distribution. The 

system tried to move the gantry with maximum speed if the 

multi leaf collimator could move into the given position that 

fast and the monitor units could be delivered that fast. If the 

dose rate reached the maximum the gantry speed was re-

duced.  

After measurement both, measured and calculated flu-

ence distribution was compared using gamma evaluation 

implemented in the software OmniPro. Using the pixel 

histogram the distribution of the gamma evaluation was 

displayed. The results of the ratio of the number of pixel 

above gamma of 1 divided by the total number of pixel is 

shown in percent in table 1 for each verified Rapid Arc 

treatment plan.  

Table 1: Results of Rapid Arc treatment plan gamma evaluation.  

Patient / Disease 
Number of moni-

tor units 

%-Pixel above 

gamma of 1 

1: Cerebral metastasis (one) 522 0.22 % 

2: Cerebral metastasis (one) 381 0.03 % 

3: Cerebral metastasis (two) 414 0.01 % 

4: Head and neck boost 239 0.00 % 

5: Head and neck boost 296 2.26 % 

6: Prostate cancer 557 0.82 % 

7: Prostate cancer 451 0.68 % 

8: Prostate cancer 466 1.16 % 

9: Prostate cancer 459 0.04 % 

10: Prostate cancer 673 0.08 % 

 
The ratio of the pixel above gamma of 1 was between 

0.01 % and 0.82% in seven of ten cases. In one case no 
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pixel was above gamma of 1. In one case the ratio of the 

pixel above gamma of 1 was 1.16 % and missed narrow the 

verification criteria. In one case the ratio was 2.26 %. Both 

treatment plans had to be redone. In opposite to the intensity 

modulated treatment plans there were no tools in the treat-

ment planning system implemented to edit the fluence dis-

tribution like smoothing tools.  

IV. DISCUSSION  

The presented method verified the Rapid Arc treatment 

plan in only one slice (2D). Also the verification was done 

only relative. The absolute dose to the PTV was not 

checked. Therefore other checks were made during the plan 

verification. But it is possible to calibrate the IMRT-

MatriXX to measure the absolute dose deviation between 

the calculated and measured dose distribution in 2D.  

It is not enough to do a machine QA and do not check the 

number of monitor units calculated by the treatment plan-

ning system. For dynamic treatment techniques like IMRT 

and Rapid Arc the check of the calculated number of moni-

tor units by the treatment planning system could not be done 

by using beam data tables. For a high quality of patient 

treatment and security for both, patient and therapist, the 

check of the monitor units is necessary.  

The presented method allows to verify patient treatment 

plan (2D fluence distribution and number of monitor units) 

using IMRT-MatriXX. The verification took place in less 

than 30 min including the accomplishment of the measuring 

device, warm up time of the measuring device, application 

of the Rapid Arc treatment plan and dismounting of the 

measuring device.  

For IMRT treatment plans the manufacturer has imple-

mented the use of the portal imager as measuring device. It 

is quite easy to verify IMRT treatment plans with portal 

dosimetry. Because of no setup of an external measuring 

device has to be done. Therefore the setup error has not to 

be taken in account using the laser system mounted in the 

treatment room and the crosshair of the Clinac. Here the 

manufacturer is questioned to provide the portal dosimetry 

system for Rapid Arc verifications.  

V. CONCLUSION 

The presented method allows the verification of Rapid 

Arc patient treatment plans in less than 30 min. The method 

is easy to implement into the clinical routine. Therefore we 

suggest verifying the 2D fluence distribution and the num-

ber of monitor units with the IMRT-MatriXX for Rapid Arc 

treatment plans.  
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Abstract— The purpose of this study is to obtain the 

dosimetric parameters of the 192Ir microSelectron v2 HDR 

brachytherapy source. The Monte Carlo simulation code 

system EGSnrc has been used to calculate air-kerma strength 

and the 2-D dose distribution surrounding the source. Since 

electron transport is done (appropriate electron cut-off 

energy and contribution from the beta 192Ir spectrum is taken 

into account), the air-kerma strength with the 0.2% 

contribution from bremsstrahlung photons originating in the 

source, complete and accurate estimate of 2-D dose-rate 

distribution tables and a full set of TG-43 dosimetric 

parameters (particularly for distances less than 0.2 cm from 

the source encapsulation) are calculated, and presented in the 

formalism recommended by AAPM TG-43 U1 Report. This 

work also demonstrates the comparisons of TG-43 dosimetric 

parameters with Daskalov and Taylor & Rogers’ work. 

Keywords— Electron transport, Dosimetry, High dose-rate 

brachytherapy, 192Ir, EGSnrc, Monte Carlo 

simulation, Task Group 43. 

I. INTRODUCTION 

Monte Carlo-based calculations have been acknowledged as a 

valuable tool to provide dosimetrical data in brachytherapy 

[1,2,3]. Many of these calculations assume that in a good 

approximation the condition of secondary charged particle 

equilibrium are fulfilled for the low-energy photons emitted from 

the nuclide contained in brachytherapy sources such as 192Ir. 

Thus collision kerma is normally used to approximate the 

absorbed dose. However, more and more MC codes are now 

available that offer an improved tracking of the history of 

secondary electrons and hence a calculation of the really 

deposited energy in a volume of interest. Therefore, it appears 

worth to investigate implications associated with the transition 

from kerma calculation to dose calculation (although more time 

consuming).  

The codes from the EGSnrc family are a widely used general 

purpose Monto Carlo radiation transport package, with special 

emphasis on transport involving photons and electrons. In 

particular, EGSnrc, as the new EGS4 version, has been improved 

for a more accurate simulation of electron transport history[4]. It 

was therefore used to perform a comparison between kerma 

calculations and absorbed dose calculation.  

In this paper, we present the results of EGSnrc Monte Carlo 

calculations of air-kerma strength in air of the 192Ir 

microSelectron v2 HDR brachytherapy source and its dose 

distribution in water surrounding the source. These data are 

additionally compared with the existing fluence data from Borg 

& Rogers [5] and the dosimetrical data published by Daskalov et 

al [1], and also Taylor & Rogers [2]. In contrast to these authors, 

electron transport is performed for this study including the 0.2% 
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contribution to air-kerma strength from bremsstrahlung photons 

originating in the source [5] and the dose contribution from the 

beta spectrum of 192Ir (average energy of ~181 keV) .Dosimetry 

parameters are reported to distances down to less than 0.2 cm 

from the source encapsulation. The data are presented twofold: as 

a 2-dimensional lookup table of the dose rate per source strength, 

and in terms of the dosimetric ratios recommended by the AAPM 

Radiation Therapy Committee Task Group 43 [6,7].  

II. MATERIALS AND METHODS 

A. Geometry of the radioactive source 

The internal construction and dimensions for the micro- 

Selectron v2 source are derived from the study by Daskalov et al 

[1], and also the geometry and materials. 

B. Monte Carlo calculations 

We use EGSnrc Monte Carlo code system to calculate the 

air-kerma strength in dry air (by user-code FLURZnrc) and 

dose-rate distribution in water (by user-code DOSRZnrc) about 

the source [8]. 

C. TG-43 parameters of dose distribution 

In this work, the 2D (cylindrically symmetric line source) 

dose-calculaton formalism proposed by in the update of the 

AAPM Task Group No.43 Report was applied. 

III. RESULTS 

A. Air-kerma strength 

The air-kerma strength per unit source activity was found to 

9.737 (± 0.009) ×10-8 U Bq-1 on basis of our FLURZnrc 

calculations. This value is close to that obtained from Borg and 

Rogers’ work [5]. 

B. Along- Away Dose data 

Along-away dose data are tabulated in Table 2 at 14 away 

distances from 0 cm to 7 cm and 27 along points from -7 cm to 7 

cm. Doses are normalized to SK/A, the air-kerma strength per 

source activity. Statistical uncertainties of the mean is between 

0.2% (near the source) to 2.3% (far from the source). 

C. Dose Rate Constant - Λ 

The dose rate constants Λ for the source in water medium was 

found to 1.112 (±0.51%) cGy h-1 U-1 on the basis of our EGSnrc 

calculations and shown in Table 1. This value is close to that 

obtained from Daskalov [1] (1.108 ± 0.13%) and Taylor & 

Rogers [2] (1.109 ± 0.20%). Measured and calculated dose-rate 

constants for various types of HDR 192Ir source which vary from 

1.10 to 1.12 cGy h-1 U-1 [9], are in good agreement with the 

present calculations. 

Table 1 Dose rate constants derived from simulations with EGSnrc code 

and comparison to the literature [1,2]. 

 Λ [cGy h-1 U-1] 

this work (EGSnrc) 1.112 ± 0.51% 

Daskalov 1998 [1] 1.108 ± 0.13% 

Taylor & Rogers 2008 [2] 1.109 ± 0.20% 

D. Radial dose function - g(r) 

The radial dose function, g(r), is calculated using line source 

geometry functions and demonstrated in Fig. 1 at 13 different 

radial distances ranging from 0.1 cm to 7 cm. The calculations 

for this function have the 0.5% statistical uncertainty. 
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Fig. 1 Radial dose functions from our simulations using EGSnrc as MC 

transport code compared with literature data [1,2]. 

E. Anisotropy function - F(r,θ) 

Anisotropy functions F(r,θ) are calculated using the line 

source approximation and demonstrated in Fig. 2 at 6 radii from 

0.25 cm to 7 cm and 42 unique polar angles over range of 

0º–180º. The uncertainties of the calculations reach 10% for the 

small distances (<0.25 cm) near the source tip and in the shadow 

of the steel encapsulation assembly, except for other greater 

distances the uncertainties present in the range of 0.1–5%.

Table 2  Dose rate per unit air-kerma strength [cGy h-1 U-1] (* means within the encapsulation of source that can not be evaluated).
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Fig. 2 Anisotropy functions at different distances from the center of active source. a)  0.25 cm,  b) 0.50 cm, c) 1.00 cm,  d) 2.00 cm,  e) 3.00 cm, f) 

5.00 cm. Literature data from Daskalov [1], Taylor & Rogers [2].

IV. CONCLUSIONS AND DISCUSSIONS 

Our work is unique in that appropriate electron cut-off energy 

and the absorbed dose from the beta spectrum of 192Ir is 

accounted, which means the electron transport is taken into 

account, thus it provides accurate dose-rate distribution and 

dosimetric parameters particularly within 0.2 cm distance from 

the source encapsulation and reports the significant differences 

between the true dose and collision kerma in this region as 

expected before this study. 

With respect to our study, we recommend that absorbed dose 

instead of collision kerma should be calculated for all the points 

located at distances of less than 0.25 cm from the center of active 

source where electronic disequilibrium exists. On the other hand, 

collision kerma can always be used to approximated the absorbed 

dose at distances larger than 0.25 cm from the center of the source 

(i.e. for the great majority of applications). Since electronic 

equilibrium is achieved, the kerma calculation is adequate and 

also more effective compared the calculation of absorbed dose. In 

this case, reduction of statistical uncertainties and computation 

time and thus requirements on resources are significant. However, 

for the higher energy sources like Co-60, the distance where 

electronic equilibrium is achieved might be larger than 0.25 cm. 

Therefore further investigations should be performed for such 

sources. 
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Abstract— Treatment of intra-fractionally moving targets 
with scanned ion beams requires motion mitigation techniques 
due to interplay effects. We implemented Gating (paused irra-
diation) and Beam Tracking (position adaptive irradiation) at 
GSI and performed experimental studies to validate both 
techniques. Gating requires mitigation of interplay effects 
within the gating window. An increased overlap, e.g. larger 
beam spots at constant spacing of rasterpoints was successfully 
tested. At 5 mm gating windows and 1 mm spacing, 10 mm 
FWHM beam spot sizes are required. Beam Tracking accu-
racy was studied in comparison to stationary irradiations with 
an ionization chamber array. Within the target volume devia-
tions of 0.3  1.5 % were measured. Clinical implementation at 
the Heidelberg Ion Beam therapy (HIT) will start with Gating. 
The mid-term goal is Beam Tracking because treatment plan-
ning studies for lung tumors showed that Tracking results in a 
reduced dose to the ipsilateral lung in comparison to Gating. 

Keywords— scanning, organ motion, ion beam, radiotherapy 

I. INTRODUCTION  

Treatment of intra-fractionally moving targets with 
scanned particle beams [1] results in over- and, clinically 
more crucial, under-dosage because of interference of scan-
ning motion and organ motion [2,3]. Margins between clini-
cal target volume CTV and planning target volume PTV are 
not sufficient to ensure proper CTV coverage [3]. Instead, 
dedicated motion mitigation techniques such as Gating [4], 
Beam Tracking [5], or Rescanning [2] are required.  

At GSI Helmholtz Center for Heavy Ion Research, Gat-
ing [6] and Beam Tracking [7,8] with scanned carbon ion 
beams were implemented in the treatment control system 
(TCS) and validated experimentally. Furthermore, simula-
tion studies based on clinical 4DCT data of lung tumor 
patients were performed to evaluate the dosimetric coverage 
of the CTV but also the dose to normal tissues such as the 
ipsilateral lung.  

We report concepts and experimental results for Beam 
Tracking and Gating.  

II. MATERIAL AND METHODS 

Gating and Beam Tracking are motion mitigation tech-
niques that synchronize treatment delivery to the target 

motion. Synchronization requires dedicated motion detec-
tion systems that measure for example abdominal surface 
motion or the temperature of the inhaled and exhaled air [9]. 
We did not yet analyze the available motion monitors with 
respect to suitability for the high precision required for 
particle beam therapy. Since we focused on experimental 
studies regarding beam application to phantoms, we used a 
robust and precise industrial distance sensor instead.  

 

Fig. 1: Principle of Gating: Target motion is monitored. Based on a gating 
window that defines a residual motion level, beam is requested from the 
synchrotron. If the request falls within a beam pulse from the synchrotron, 
beam is extracted. Treatment is thus delivered only during motion phases 
within the gating window. 

A. Gating 

Gating uses the motion monitoring data to pause and re-
sume the particle beam such that the irradiation takes place 
in a gating window only. Fig. 1 shows example data ac-
quired at GSI. By extracting the beam only within the gat-
ing window that is typically located around end-exhale, the 
motion amplitude is reduced and has thus less influence on 
the treatment delivery. Residual target motion effects can be 
compensated by margins. Additionally, interplay effects 
have to be mitigated, e.g. by an increased overlap of pencil 
beams in lateral as well as longitudinal direction. Even for 
treatments of stationary targets with rasterscanned pencil 
beams, the beam’s full width at half maximum (FWHM) is 
typically at least three times larger than the grid spacing of 
the pencil beam positions [10]. This reduces the impact of 
slight inaccuracies in beam shape and/or beam position on 
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the dose distribution remarkably. For mitigation of residual 
motion within the gating window, we propose to further 
increase the overlap as shown in fig. 2. Then the compara-
bly large uncertainty introduced by residual motion can be 
mitigated. 

We implemented Gating at GSI and systematically stud-
ied the influence of residual target motion within the gating 
window on the homogeneity of the dose delivered to the 
target volume. Experimental studies were performed with 
radiographic films as detector because they allow precise 
homogeneity evaluation due to their high spatial resolution. 
We investigated beam spot sizes of 8-20 mm FWHM and 
residual motion amplitudes of up to 12 mm in comparison 
to stationary irradiations as well as irradiations without 
Gating. Experiments were also simulated with our 4D 
treatment planning system Treatment planning for Particles 
TRiP [10,11]. 

 

Fig. 2: Mitigation of residual motion influence within the gating window. 
At constant beam full width half maximum a scan grid of 1 mm leads to an 
increased overlap in comparison to 3 mm grid spacing. This decreases the 
influence of residual target motion: The cumulative dose in the presence of 
motion (solid line) is within the 5% deviation level (dashed horizontal 
lines) similar to a stationary irradiation (dashed line). 

B. Beam Tracking 

Beam Tracking uses the data from the motion monitoring 
system to adapt the beam position laterally and in depth 
such that target motion is compensated. Treatments of intra-
fractionally moving targets can thus in principle be deliv-
ered as precise as treatments of stationary targets. Fig. 3 
shows the main components of a Beam Tracking system: 
Lateral target motion compensation is achieved by adjusting 

the settings for the scanner magnets. Range changes cannot 
be compensated by the synchrotron because changes are 
required in between pencil beam positions (~10 ms irradia-
tion time) while the synchrotron requires ~5 s to change the 
energy. We thus implemented an absorber system based on 
wedges that are mounted opposite to each other on linear 
motors [8]. By moving the wedges apart (together) the en-
ergy of the beam to the target is increased (decreased). The 
process is controlled in the TCS that incorporates data from 
motion monitoring as well as 4D treatment planning. 

 

Fig. 3: Components of the GSI Beam Tracking system. 

To dosimetrically validate the system, we performed ex-
periments with an array of 24 pinpoint ionization chambers. 
The chamber array was mounted in a water tank that moved 
left-right in beam’s eye view (30 mm peak-to-peak ampli-
tude left-right, 11.4 mm range amplitude induced by a sta-
tionary ramp-shaped absorber [7], period 3.4 s). The array 
that is normally used for validation of patient treatment 
plans [12] was arranged within the tank such that a volume 
of ~ 50 x 15 x 60 mm3 was covered without shadowing 
effects (chambers are arranged in three different heights). 
Treatment plans (target volume 36 x 20 x 50 mm3) were 
delivered to the stationary setup, to the moving setup with-
out motion compensation, and to the moving setup with 
Beam Tracking. For each scenario, two measurements were 
performed with two different positions of the detector array 
such that 48 positions were measured in total. For each 
chamber, the data of the irradiations with motion are nor-
malized to the data for the stationary setup, i.e. data relative 
to the stationary irradiation are reported.  

III. RESULTS 

A. Gating 

Exemplary experimental data are shown in fig. 4 for 
14 mm FWHM pencil beams at 2 mm grid spacing. Only 
for a 1 mm gating window, homogeneous target coverage 
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can be achieved. For 5 mm as well as 9 mm target motion, 
interplay resulted in under-dosage. Simulations yielded a 
linear relationship between the maximal tolerable motion 
within the gating window and the required beam focus to 
achieve < 5% local deviations. For 1 mm (2 mm) grid spac-
ing 5 mm residual motion require ~10 mm FWHM (~16 
mm FWHM) pencil beam width. 

 

 
Fig. 4: Film response distributions for residual motion levels within the 
gating window (GW) in comparison to an irradiation without motion. 
Beam spot size: 14 mm FWHM, 2 mm grid spacing, 40 mm peak-to-peak 
film motion amplitude.  

B. Beam  Tracking 

Fig. 5 shows the dosimetric results for Beam Tracking in 
comparison to irradiating the moving pin-point ionization 
detector without motion compensation. Irradiation of the 
moving detector without mitigation of target motion results 
in interplay-caused under-dosage and over-dosage within 
the target volume. If Beam Tracking is used, the measured 
doses are comparable to the ones measured for the station-
ary detector system (deviation: mean: 0.3 %, standard de-
viation: 1.5 %, minimum: -2.7 %, maximum: 3.7 %). Com-
parison of the detector responses left and right of the target 
volume indicates a systematic shift of the setup that was 
determined to 0.6 mm by interpolating new positions of the 
ionization chambers. Deviations distal of the target volume 
can in principle be due to imperfect functionality of the 
energy modulation system. However, the deviations are in 
chambers that are left/right as well as distal of the target 
volume, with very small stationary dose responses. 

IV. DISCUSSION 

Treatment delivery to intra-fractionally moving targets 
with scanned ion beams requires dedicated motion mitiga-

tion techniques. Gating and Beam Tracking were imple-
mented at GSI and tested in experimental studies.  

For Gating apart from dedicated accelerator needs such 
as radio-frequency knock-out extraction that allows pausing 
and resuming of the beam within a pulse [13] mitigation of 
interplay effects within the gating window is required. We 
proposed an increased overlap of pencil beams and showed 
its feasibility in experiments.  

 

Fig. 5: Results of the ionization chamber measurements for Beam Tracking 
and for irradiating the moving geometry without motion mitigation. Since 
the measured values for each chamber were normalized to a stationary 
irradiation, relative doses are shown. Left, right, and distal indicate direc-
tions relative to the target volume (chambers 5-37). Data for motion com-
pensation within the target volume are comparable to the stationary result. 

Alternative to an increased overlap Furukawa et al. pro-
posed phase-controlled rescanning (PCR) for mitigation of 
residual motion influence within the gating window [14]. 
PCR is an advanced rescanning method that adjusts the 
intensity of the beam such that the number of rescans is 
matched to the gating window and the treatment plan. 

Prior clinical use, extended studies have to be performed. 
In treatment planning studies based on clinical 4DCT data 
we will investigate generation of PTVs that incorporate the 
range dimension [15,11] and that define a methodology for 
gating window optimization. With respect to experimental 
studies, mitigation of 3D residual target motion has to be 
investigated. In this contribution we reported on lateral 
residual target motion only. We also studied mitigation of 
changes in the longitudinal direction [6]. 

Beam Tracking delivers treatments by adapting the beam 
position such that target motion is compensated. Our ex-
perimental results prove the feasibility. The next steps are 
related to clinical implementation and include precise mo-
tion monitoring and robustness measures because it can be 
expected that the patient’s anatomy will not be stable 
throughout the treatment course.  
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Both Gating and Beam Tracking require 4D treatment 
planning. We extended our in-house treatment planning 
system TRiP [10] to 4D capabilities [11]. With the extended 
planning system, 4D dose calculations and Beam Tracking 
parameter optimization are possible and allow to compare 
motion mitigation techniques. In treatment planning studies 
based on clinical 4DCT data from patients receiving photon 
therapy for lung cancer we evaluated CTV coverage and 
mean dose to the ipsilateral lung. Representative dose-
volume-histograms are shown in fig. 6. The area covered by 
the DVHs is related to 12 motion parameter combinations 
(3 periods, 4 starting phases) that were studied for each 
patient. The data show, that the minimum dose to the CTV 
is comparable for Gating and Beam Tracking, that Tracking 
leads to slight over-dosage in the CTV, and that the dose to 
the ipsilateral lung is lower for Tracking.  

 

Fig. 6 Envelope DVHs of 12 parameter combinations for Beam Tracking 
and Gating for CTV and ipsilateral lung. 

The motion mitigation of choice for clinical use will 
most likely depend on the motion characteristics of individ-
ual patients. Patients with very stable anatomic conditions 
and large motion amplitudes are candidates for Beam 
Tracking that is preferable due to the reduced dose to nor-
mal tissues. Patients with less motion amplitude and/or with 
unstable breathing conditions will benefit from Gating or 
even Rescanning as treatment modality.  

V. CONCLUSIONS 

Gating and Beam Tracking were implemented and ex-
perimentally validated at GSI. For the treatments at the 
Heidelberg Ion Beam facility it is planned to start treatment 
of intra-fractionally moving targets with Gating. In a second 

step, Beam Tracking will be implemented because it most 
likely results in less normal tissue dose. 
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Abstract— A novel 4D in-vivo dosimetry detector 
(RADPOS) in conjunction with a deformable lung phan-
tom has been used as a quality assurance tool for 4D 
radiotherapy. A treatment plan was created and deliv-
ered with the phantom in two breathing states and the 
RADOS system was used to verify dose and displace-
ment of the tumour and lung volumes. The RADPOS 
measured the movement within a maximum deviation of 
1.5 mm, and the dose within 4.2% of the total dose. The 
latest quality assurance and characterization tests of the 
RADPOS 4-D in vivo dosimetry system are also pre-
sented in this work. 

 

Keywords— 4D radiotherapy, in vivo dosimetry, RADPOS 
system, deformable phantom 

I. INTRODUCTION  

Measurement and minimization of the impact of respira-
tory motion in imaging, treatment planning and delivery 
require a quantitative means of verification of both dose and 
position in a reproducible setup involving periodic motion 
and deformation. With the recent increase in applications of 
image guided radiation therapy, the verification of different 
aspects of 4D radiotherapy involving breathing motion is 
critical. The purpose of our work was to use the novel dose-
position measuring system, RADPOS, in conjunction with a 
deformable lung phantom to quantitatively verify planning 
and delivery stages of 4D radiotherapy. The latest quality 
assurance and characterization tests of the RADPOS 4D in 
vivo dosimetry system are also presented. 

II. MATERIALS AND METHODS 

A. Quality assurance of RADPOS system 

The dosimetric evaluation of this system included the 
measurement of in-air dose profiles in  60Co, 6 MV, and 18 
MV beams, and the investigation of the dependence of de-

tector response on beam angle and field size. The stability 
and accuracy of the positioning component of the RADPOS 
detector was studied as well as the effect of metals (Grade 
304 non-magnetic stainless steel, aluminum, lead, and 
brass) and other commonly used materials (acrylic, lexan 
and polystyrene) on the RADPOS signal.  

B. Verification of 4D radiotherapy with deformable 
phantom 

RADPOS probes, consisting of a MOSFET dosimeter 
combined with an electromagnetic positioning sensor were 
placed inside the deformable lung phantom containing a 
tumour made of tissue equivalent material: one detector 
inside and the other outside the tumour, inside the lung 
portion of the phantom. CT scans were taken with the phan-
tom in three breathing phases, end of inhale (EOI), middle 
of inhale (MOI), and end of exhale (EOE). The detector 
position inside the phantom was read with the RADPOS 
software and compared to the position determined from the 
CT data. A three-beam conformal treatment plan was cre-
ated using as “planning dataset” the CT image of the phan-
tom in the EOE phase, with the two detectors at the posi-
tions described above. The superposition algorithm with 
inhomogeneity corrections on (XiO TPS) was used to calcu-
late the dose distribution. The breathing cycle was divided 
into two states, EOE and EOI. The same treatment was 
delivered twice, with the phantom in the EOE and in the 
EOI phases. RADPOS measured doses during both irradia-
tions were compared to the treatment plan calculated values.   

III. RESULTS 

A. Quality assurance of RADPOS system 

The dose profiles measured with the RADPOS detector 
and the diode agreed in within 0.41%, 0.53%, and 2.69% 
for the 60Co, 6 MV, and 18 MV beams, respectively. The 
angular response of the RADPOS probe over 3600 was 
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isotropic within 1.6% (1SD), with a maximum deviation of 
±4% as seen in Fig.1.  

Over a period of seventy minutes, the position of the 
RADPOS was read every 30 s and found stable within 0.37 
mm. The system can also measure the displacement of a 
RADPOS detector with an accuracy of (0.45 ± 0.07) mm 
and (0.75 ± 0.07) mm for provoked displacements of up to 
50 mm and 200 mm respectively. The only materials that 
caused significant interference with the RADPOS signal 
were aluminum, brass, steel and lead, as shown in Fig. 2. 
However, once the separation between the detector and the 
sample was >100 mm, the interference was minimal (the 
average deviation was less than 1.00 mm for all samples 
and sizes). 

 

 
Figure 1. Relative change in the threshold voltage, Vth, of 
the RADPOS prototype plotted as a function of probe angle 
(bubble down = 00). Energy: 60Co, field size: 10x10 cm2, 
polystyrene phantom, SSD=80 cm, depth 1 cm. 

 

 

Figure 2. Results from metal interference test with  25x25 
cm2 samples that caused an effect on the RADPOS position 
(aluminum, brass, lead, steal). 

 

B. Verification of 4D radiotherapy with deformable 
phantom 

The detector displacements measured by the RADPOS 
system were within 1.4 mm, -0.1 mm, and 1.5 mm of meas-
urements from the CT images for movement between the 
EOE and EOI, EOI and MOI, and MOI and EOE phases, 
respectively. Figure 3 presents the beams eye view of the 
target volume in EOE and EOI states of the deformable 
phantom. There was no trend in the differences in 
RADPOS-measured and the calculated doses for individual 
beams and breathing states, with a maximum deviation of 
3.52 cGy (2.2% of total dose) for the detector inside the 
tumour and 4.66 cGy (4.2% of the total dose) for the detec-
tor in the lung tissue.  

 
a)  
 

 
 
b) 
 

 
Figure 3. Beams eye view for the EOE (left) and the EOI 
phase (right) phase of the rendered tumour volume. 
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IV. CONCLUSIONS 

Our results of the quality assurance tests indicate that the 
device can be used for in-vivo dosimetry in 60Co and high-
energy beams from linear accelerators. Experiments also 
show that the RADPOS combined with deformable lung 
phantom can be a useful tool for quality assurance in 4D 
treatment delivery. 
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Abstract— The dosimetric advantages of Fractionated 
Stereotactic Intensity Modulated Radiation Therapy (SIMRT) 
of irregular brain lesions, delivered with a micro-multileaf 
collimator, were assessed against conformal stereotactic radia-
tion therapy (CSRT). Eight patients with different brain tu-
mors with volumes ranging from 6.6 to 59.6 cc treated with 
fractionated conformal stereotactic radiation therapy, were 
included in this retrospective planning study. Re-planning was 
made with IMRT using five beam directions in the treatment 
planning system iPlan from BrainLab. Plan evaluation was 
based on several quality indexes and dose statistics. Confor-
mity increased on average by about 30% for SIMRT plans 
when compared with CSRT whereas the coverage remained 
almost the same for the two techniques. The average volume of 
normal tissue irradiated with the prescription isodose was 
15.3cc with CSRT and was reduced to 6.7cc with SIMRT. The 
maximum dose in the brainstem was reduced from 53.1 Gy to 
51.5 Gy with SIMRT. A reduction in the maximum dose in the 
optic nerves was also obtained but mainly for those patients 
where the tolerance dose for the optic nerves was a limiting 
factor. The increase in overall treatment time with IMRT, by 
five to seven minutes, justifies the dosimetric advantages ob-
tained.  

 
Keywords— Stereotactic radiation therapy, IMRT, brain le-

sions, micro multileaf collimator. 

I. INTRODUCTION  

Radiosurgery is indicated for the irradiation of small 
brain lesions in a single treatment session [1]. However, for 
larger volumes or for targets close to radiosensitive struc-
tures fractionated stereotactic radiation therapy has clinical 
advantages. In these cases concave target volumes are com-
mon and the quality of conformal uniform beam stereotactic 
dose distributions may be limited by the tolerance of adja-
cent organs at risk. New devices like the micro-multileaf 
collimator have increased the protection of normal tissues 
and dose conformity in the target [2, 3]. But for the more 
difficult cases, keeping uniform beams, dose conformity is 
still deficient, leaving room for improvement with Intensity 
Modulated Radiation Therapy (IMRT). 

IMRT has the capability to produce steep concave dose 
distributions thus improving the homogeneity inside the 

target volume and providing additional protection to radio-
sensitive structures. The long planning and verification 
procedures required for IMRT techniques limit its imple-
mentation to radiosurgery. Pre-planning was proposed by 
Jensen et al (2008) to speed up treatment planning time [4]. 
But the advantages of IMRT for small spherical lesions are 
reduced [5]. On the other hand, for irregular volumes, with 
critical structures partly located inside the planning target 
volume, fractionated stereotactic IMRT delivered by high 
resolution multileaf collimators may contribute to raise the 
quality of the therapy [6, 7].  
 In this study, the benefits obtained with fractionated 
stereotactic IMRT, delivered with a micro multileaf colli-
mator in a step and shoot mode, were evaluated. Plan com-
parison was made against clinical plans used for patient 
treatment with fractionated conformal stereotactic radiation 
therapy. 

 

II. MATERIAL AND METHODS 

  Eight patients with different brain lesions, treated at 
our institution with fractionated conformal stereotactic ra-
diation therapy (CSRT), were included in this retrospective 
study (Table 1). Planning CT, with the patient immobilized 
by the stereotactic frame system from BrainLAB, was per-
formed with a 1.5 mm slice thickness. CT and MR image 
sets were fused for accurate target delineation. The clinical 
target volume (CTV) and all organs at risk were contoured 
by the neuroradiologist and approved by the radiation on-
cologist. The CTV was expanded by 2 mm in all directions 
to generate the planning target volume (PTV). Target vol-
umes ranged from 6.6 to 59.6 cc and were prescribed with 
doses from 40 to 54 Gy delivered in fractions of 1.8 Gy or 2 
Gy (Table 1). Brainstem, optic nerves and chiasm were the 
main organs at risk. 

The treatment technique CSRT was based on an ar-
rangement composed by seven or eight non-coplanar con-
formal fixed photon beams. Gantry directions were manu-
ally optimized for each clinical case. Geometrical 
conformity was obtained using the m3 micro-multileaf 
collimator from BrainLAB. This accessory is daily attached 
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to a Siemens Oncor Avant-Garde linear accelerator together 
with the carbon fibre patient tray with H&N micro adjust-
ment devices. The m3 is composed by 26 pairs of leaves of 
variable width. The six central leaves pairs have a width of 
3 mm, five have 4.5 mm and the exterior leaves have a 
width of 6 mm. Leaves positioning is automatically de-
signed by the treatment planning system using a 3 mm mar-
gin to account for beam penumbra. Manual adjustments of 
the MLC leaves position can then be made to improve target 
coverage and maximize normal tissues protection.  
 

Table 1 Case description. T

Pat. # Tumor Type PTV /cm3 Prescription D /Gy 

1 Ependymoma 6.6 54.0 

2 Meningioma 9.7 54.0 

3 Meningioma 12.5 50.4 

4 Tumor recidive 15.4 40.0 

5 Craniopharyngioma 21.4 54.0 

6 Meningioma 30.8 50.4 

7 Meningioma 43.5 54.0 

8 Astrocitoma 59.6 50.4 

 
 All cases were replanned with stereotactic IMRT 
(SIMRT) step a shoot delivered with the m3 micro-multileaf 
collimator. A beam configuration, using five non-coplanar 
manually optimized irradiation directions, was used. Only 
feasible treatment directions, taking into account the couch 
and the micro-multileaf collimator relative positions, were 
accepted. 
 Plan optimization was based on the constraints: at least 
95% of the volume of the PTV should receive the pre-
scribed dose and not more than 107% of that value. The 
maximum dose in the brainstem should not be superior to 
54 Gy and in the chiasm and optic nerves should not be 
larger than 48 Gy. Dose-volume objectives were also used 
to maximize the protection of the organs at risk without 
compromising target coverage. 

 The treatment planning system used was iPlan RT Dose 
v3.0 from BrainLab. This uses pencil beam as the dose 
algorithm with corrections for heterogeneities. An adaptive 
dose grid adjusted to the volume of the different structures 
was used so that at least 10 calculation points in all direc-
tions are guaranteed. Thus the dose grid in the PTV was 
around 1 mm and between 0.5 and 2 mm in the organs at 
risk. 

Plan evaluation was based on indexes used to score 
stereotactic plans [8] and on conventional dose statistics:  

1. The conformity index, COIN, was defined by the ex-
pression 

isorefPTV

2

VV

CI
COIN   (1) 

 
where CI is the coverage index in cubic centimetres, 

VPTV  is the volume of the PTV and Visoref is the volume of 
the prescription or reference isodose. 

2. The Prescription Isodose to Target Volume, PITV, as 
defined by RTOG [9], and it is the ratio between the volume 
of the prescription isodose and the volume of the PTV. 

3. Maximum Dose to Prescribed Dose, MDPD, quanti-
fies dose homogeneity, as defined by RTOG [9], and it is 
the ratio between the maximum dose and the prescription 
isodose. 

4. The coverage index, CI /%, was given by the percent-
age of PTV covered by the prescription isodose. 

5. The external index, EI, was given by 

CI/%

COIN
1EI   (2) 

 Plan evaluation of the organs at risk was based on 
maximum and mean dose.  
 Plans were also judged according to the number of 
beams and segments, number of monitor units and delivery 
time. 

 

III. RESULTS AND DISCUSSION 

Table 2 shows the results of the quality indexes used for 
plan evaluation. Conformity, as quantified by the COIN, 
significantly improved with SIMRT compared to CSRT 
(Table 2). In average the value of COIN with CSRT was 
0.59 and increased to 0.77 with SIMRT. In Figure 1 the 
COIN for all patients, sorted according to the volume of the 
PTV, is shown for CSRT and SIMRT. IMRT improved the 
value of COIN for all patients, but this improvement had no 
direct relation with the volume of the target. It is the irregu-
larity of the PTV and its position relatively to the surround-
ing organs at risk that determined the quality of the dose 
distribution.  

PITV was 1.65 with CSRT and improved to 1.25 with 
SIMRT due to a significant reduction in the volume of nor-
mal tissue irradiated with the prescription isodose. Homo-
geneity, as defined by RTOG, is quantified by the MDPD 
index [9]. The average value was 1.09 with CSRT and de-
creased to 1.04 with SIMRT, indicating a reduction in over-
dosage. Thus the ICRU50 [10] criteria are better accom-
plished with intensity modulated beam techniques. 
Coverage is generally quantified by the CI index [9], and it 
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represents the percentage of planning target volume which 
is irradiated with the prescription dose. This was 96.9% 
with CSRT and 97.1 with SIMRT (Table 2), i.e., no signifi-
cant improvement was obtained in coverage with SIMRT. 
 

Table 2  Comparison between different quality indexes for stereotactic 
radiation therapy (CSRT) and stereotactic IMRT (SIMRT): the values 
presented are the average values and standard deviation obtained for the 
eight patients. The average values of the monitor units (MU) for each 
treatment technique are also shown.  

 CSRT SIMRT 

COIN 0.59   ± 0.10 0.77   ± 0.09 

PITV 1.65   ± 0.34 1.25   ± 0.18 

MDPD 1.09   ± 0.02 1.04   ± 0.02 

CI /% 96.9   ± 2.60 97.1   ± 2.30 

Vnorm /cc 15.3   ± 11.1 6.7     ± 6.0 

EI 0.40   ± 0.11 0.21   ± 0.11 

MU 271.1 ± 13.2 398.9 ± 67.9 

COIN is the conformity index, PITV is the prescription isodose to tar-
get volume, MDPD quantifies the homogeneity, CI is the coverage index, 
Vnorm is the volume of normal tissue irradiated with the prescription isodose 
and EI is the external index. 

 
 

 

Fig. 1 Comparison between COIN for conformal stereotactic radiation 
therapy (CSRT) and stereotactic intensity modulated beam techniques 
(SIMRT) for all patients. Patients were sorted according to the volume of 
the PTV. 

Brainstem, optic nerves and chiasm are the main organs 
at risk for these clinical cases. Due to the serial tissue or-
ganization of these structures, the maximum dose is usually 
used as the optimization objective. This tolerance dose may 
be exceeded if the volume of the critical structure irradiated 
with this dose value is not clinically significant, or if there 
were some clinical reasons like for instance patients with 
impaired vision before treatment.  

The average of the maximum dose in the brainstem with 
CSRT was 53.1 Gy and this was reduced to 51.5 Gy with 
SIMRT. For the optic nerves in average no significant do-
simetric difference was obtained between the two tech-
niques (Table 3). But in fact, SIMRT improved dose sparing 

of the optic nerves compared to CSRT when the dose deliv-
ered to these structures becomes close to the tolerance (Fig-
ure 2). If the maximum dose in these organs is much less 
than the tolerance, as for patient #1 and #8 in Figure 2, an 
increase in the maximum dose in the optic nerve may be 
accepted to improve the coverage of the target volume.  

 

Table 3  Comparison between the maximum dose (Dmax) and the mean 
dose (Dmean) for CSRT and SIMRT: the values presented are the average 
values and the standard deviation obtained for all patients. Normal tissue 
refers to all tissue excluding the PTV. 

 D /Gy CSRT SIMRT 

Brainstem Dmax 53.1  ±   7.4 51.5  ±   6.0 

 Dmean 20.2  ± 10.9 19.0  ± 11.7 

Optic nerve ipsilateral  Dmax 44.4  ± 14.3 45.5  ± 10.5 

 Dmean 15.8  ± 12.3 16.6  ±   8.5 

Optic nerve contralateral Dmax 32.5  ± 23.0 32.4  ± 18.0 

 Dmean 13.2  ± 11.4 12.1  ±   7.3 

Chiasm Dmax 48.2  ±   4.4 48.0  ±   5.0 

 Dmean 32.2  ±   8.5 34.9  ± 10.1 

Normal tissue Dmax 55.5  ±   5.8 52.9  ±   4.7 

 Dmean   3.8  ±   1.6   3.7  ±   1.7 

 
 

 

Fig. 2 Comparison between the maximum dose in the ipsilateral optic 
nerve for CSRT and SIMRT for all patients. 

A significant reduction in the volume of normal tissue ir-
radiated with the prescription isodose (Vnorm) was obtained 
with SIMRT relatively to CSRT. This was 15.3cc with 
CSRT and was reduced to 6.7cc with SIMRT or as quanti-
fied by the external index, EI, it was reduced from 0.4 to 
0.21 (Table 2).  

By redistributing the dose, IMRT reduces the volume of 
organs at risk irradiated with a high dose by increasing the 
volume of normal tissue irradiated with lower dose values 
and thus the integral dose delivered to the patient. But in 
this study, no significant difference in integral dose was 
obtained between the two treatment techniques studied if 
this is quantified by the mean dose delivered to the normal 
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Abstract –The usefulness of CBCT is proven, but this tech-

nique can deliver a significant dose to the patient when it is 
often practiced. The dose is very dependent on the equipment 
and the parameters used. A study has been undertaken on an 
anthropomorphic phantom and on patients irradiated for 
prostate cancer, in order to evaluate the mean dose delivered 
to the prostate and rectum (organ at risk). Images have been 
taken using a Varian equipment (model VZW2940FH2-02 -
detector Pax-Scan 4030 CB made of aSi) in "half bow-tie" 
mode, maximum field size,  125 kV, 80 mA, 25 ms. Dosimetry 
was performed using Gafchromic films and Harshaw - TLD 
700H  calibrated by comparison with a Keithley ion chamber 
type 90035. 

A good agreement has been found between films and TLD 
results. Films have shown that the dose distribution is very 
inhomogeneous and that the dose at the center of the phantom 
depends both on the explored zone thickness and on its posi-
tion relative to the beam axis. The doses measured at the phan-
tom surface (TLD and films) were maximum at the entrance of 
the anterior-posterior axis, and their arithmetic mean is equal, 
or a little greater than the doses measured at mid-thickness of 
the phantom and at the level of the rectum. After discussion 
with the medical team, it has been decided that the average 
between the anterior and posterior skin doses will be system-
atically evaluated in vivo, and taken as reference for correcting 
the dose delivered to the patient during radiation therapy. 
Study performed on 10 patients has shown mean doses per 
CBCT varying from 5.13 ± 0.23cGy to 7.28cGy ± 0.23cGy. 
Conclusion is that the doses delivered by CBCT are not negli-
gible and should be taken into account.  The RBE value to be 
applied for kilovoltage x-rays is questionable. 

Keywords – Cone-beam CT, in vivo measurements,  
                 TLD, Gafchromic films 

I. INTRODUCTION 

The usefulness of cone-beam computed tomography (CBCT) 
which provides three dimensional displays of target volumes and 
organs at risks, and therefore allows corrections of treatment posi-
tioning variations before treatment is now proven [1-3]. As any 
other diagnostic radiology techniques, CBCT is susceptible to 
deliver a significant dose to the patient [3-4-5], especially when it 
is used for accurate day-to-day set-up. As the dose is very depend-
ent on the equipment, parameters used for examinations, and 

patient anatomy and set up, we have undertaken in vivo measure-
ments in order to evaluate the mean dose delivered to the prostate 
and rectum (organ at risk) during kilovoltage CBCT of 10 patients 
treated in our department. 

II. MATERIALS AND METHODS 

CBCT images of 10 patients have been produced using a Var-
ian equipment (model VZW2940FH2-02 -detector Pax-Scan 4030 
CB made of aSi) in the following conditions: mode "half bow-tie", 
maximum field size, 125 kV (corresponding to effective energy of 
64 keV), 80 mA, 25 ms.  

Before carrying out in vivo measurements, the dose distribu-
tion has been evaluated using at the same time Gafchromic EBT 
films inserted in an anthropomorphic Alderson phantom, and TLD 
dosimeters set both in the phantom and on its surface (four posi-
tions: anterior-posterior, and left and right lateral axis of the stud-
ied region). Films and TLD have been irradiated in the same con-
ditions as the patients. TLD are very thin  and very sensitive 
dosimeters Harshaw-TLD 700H  (7LiF : Mg,Cu,P) calibrated by 
comparison with a Keithley ion chamber type 90035 (calibrated by 
the French  Laboratoire National Henri Becquerel) and irradiated 
together in the same kilovoltage x-ray beam (effective energy 
close to 64 keV) 

.  

 

 

 

 

 
Figure 1: Position of the TLD used for in vivo measurements. 

The patient is irradiated at a Source Tumor Distance of 100cm. 
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For the in vivo measurements, 3 groups of 2 TLD were placed 
on the anterior and lateral axis of the patient (Figure 1). A fourth 
group of dosimeters was placed under the table couch with the 
help of a retro-laser beam. A TLD correction factor of 1.24 has 
been determined experimentally to deduce the value of the poste-
rior skin dose from its response. 

II. RESULTS 

The preliminary study on phantom has shown a good agree-
ment between Gafchromic films and TLD results. Exploitation of 
film measurements has shown that the dose distribution is very 
inhomogeneous (Figure 2) and that the dose at the center of the 
phantom depends both on the thickness of the explored zone and 
on its position relative to the beam axis. For instance it has been 
shown that the dose per CBCT at the center of the phantom varies 
from 4.7 cGy to 6.2 cGy when the table height varies from 11.5 to 
14 cm, the antero-posterior thickness of the studied zone being 23 
cm.  

 

 
Figure 2: Example of dose distribution obtained using Gaf-

chromic films and TLD inserted in an Alderson anthropomorphic 
phantom (thickness of explored region 23 cm – CBCT half-fan 
mode -125 kV, 80 mA, 25 ms) 

 
The doses measured at the phantom surface (TLD and films) 

are maximum along the anterior-posterior axis, and the arithmetic 
mean of the skin doses  along this axis is equal, or a little greater 
than the dose measured at mid-thickness of the phantom and at the 
level of the rectum. After discussion with the medical team, it has 
been decided that the average value between anterior and posterior 
skin doses will be systematically evaluated in vivo (study still in 
progress), and taken as reference for correcting the dose delivered 
to the patient during radiation therapy. 

An example of mean doses per CBCT, and total dose deliv-
ered during treatment is shown in Table 1. 

 
Table 1: Mean doses per CBCT and total doses delivered to the 

first 10 patients  
 

The mean dose /CBCT evaluated   in vivo for 10 patients 
(thickness varying from 18 to 26.7 cm), varies from 5.13 ± 
0.23cGy to 7.28cGy ± 0.23cGy (evaluation deduced from 239 
CBCT and 4 points of measurement per CBCT) 

IV. CONCLUSION 

This study has shown that the dose delivered by CBCT is not 
negligible when this type of technique is used for day-to-day pa-
tient set-up checks and eventual correction. In our opinion it 
should be taken into account.  Nevertheless, the value of the Rela-
tive Biologic Efficiency of the kilovoltage x-rays, as compared 
with the high energy x-rays used for the treatment is under ques-
tion, as well as the differences of dimensions between the irradi-
ated volumes and the dose distributions within them. 
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Abstract—Introduction: Several linacs with integrated kV 
imaging have been developed for delivery of image-guided 
Stereotactic Body Radiation Therapy (SBRT).  High geometric 
accuracy and coincidence of kilovoltage (kV) imaging systems 
and MV beam delivery are essential for successful image guid-
ance.  A geometric QA tool is available of evaluating and char-
acterizing geometric accuracy of kV and MV cone beam imag-
ing systems.     

Materials and Methods: This geometric QA tool has been 
adapted as a routine QA tool for three different types of 
SBRT-dedicated linacs. They are a Varian Trilogy (Varian 
Medical Systems, Palo Alto, California, USA), Elekta Synergy 
(Elekta, Stockholm, Sweden), and Brainlab Vero (Brainlab 
AG, Feldkirchen, Germany).  Both the Trilogy and Synergy 
linacs are equipped with a retractable kV x-ray tube and a flat 
panel detector.  The Vero utilizes a rotating, rigid ring struc-
ture integrating a MV x-ray head mounted on orthogonal 
gimbals, an electronic portal imaging device (EPID), two kV x-
ray tubes, and fixed two flat panel detectors.  Two QA phan-
toms were built to suit different field sizes.  Projection images 
of a QA phantom were acquired by MV and kV imaging sys-
tems at a series of gantry angles.  In-house software was used 
to analyze projection images and calculate eight geometric 
parameters for each projection.  

Results: Over 4,300 individual projections have been ac-
quired and analyzed.  The Trilogy was calibrated 4 times over 
a six month period while the Synergy and the Vero were cali-
brated twice and once, respectively.  Quantitative geometric 
parameters of both MV and kV imaging systems were success-
fully evaluated.  Isocenter consistency of the imaging systems 
was evaluated.  Additionally, the gimbal-based x-ray source 
positioning of the Vero was examined.  

Conclusion: Geometric accuracies of both MV and inte-
grated kV imaging systems were quantitatively evaluated by 
this QA tool.  

Keywords— Geometric Calibration, QA, kV imaging, MV 
imaging, image guidance. 

I. INTRODUCTION  

Linear accelerators with integrated kV imaging have 
been emerging as an important clinical tool for radiation 
therapy, particularly for image-guided radiation therapy 
(IGRT).  Both the Varian On-Board Imager (OBI) on the 

Trilogy linear accelerator (Varian Medical Systems, Palo 
Alto, California, USA) and the Elekta XVI on a Synergy 
accelerator (Elekta, Stockholm, Sweden) are mounted on 
retractable robotic arms with an axis orthogonal to the 
megavoltage (MV) beam.  These kilovoltage (kV) imaging 
systems make dynamic targeting IGRT more efficient and 
convenient.  Different imaging modalities, such as 2D radi-
ography, fluoroscopy, or 3D Cone beam CT (CBCT) imag-
ing, may be used to reduce uncertainties associated with 
inter- and intra-fraction motion.   Recently, a new device for 
image guided Stereotactic Body Radiation Therapy (SBRT) 
has become available (Vero, Brainlab AG, Feldkirchen, 
Germany).  It is based on the MHI-TM2000 (Mitsubishi 
Heavy Industries, Ltd., Tokyo, Japan) [1].  The Vero util-
izes a rotating, rigid ring to integrate a beam delivery plat-
form and image guidance systems, including a MV treat-
ment head mounted on orthogonal gimbals, an electronic 
portal imaging device (EPID), two fixed kV x-ray tubes, 
and two fixed flat panel detectors.  This dual kV imaging 
system provides a pair of radiographs, CBCT images, and 
real-time fluoroscopic monitoring. 

The use of kV imaging allows for lower patient dose and 
better image quality than MV imaging.  High accuracy of 
MV beam delivery and kV imaging systems are particularly 
essential in delivery of high-dose fractions characteristic of 
SBRT.  However, the functionality of the system depends 
significantly on the structural integrity and stability of the 
imaging devices.  Gantry sag, together with flexing of the 
imaging components, produces geometric uncertainties that 
can impact the quality and accuracy of 2D and 3D acquisi-
tion.  The accurate reconstruction of transaxial slices of a 
3D object from a set of 2D projections requires the x-ray 
source position and the detector orientation to be known 
precisely in 3D space in the rotation trajectory.   

Results of kV and MV isocenter cross calibration by 
EPIDs have been recently reported. Sharpe et al used or-
thogonal MV projections of a single ball bearing (BB) to 
locate the MV radiation isocenter and calculate the offsets 
of this BB center on kV projections to evaluate kV isocenter 
[2].  To veryify the kV isocenter, Yoo et al evaluated offsets 
of the center of a small single radio-opaque structure ac-
quired on kV images [3].  Phantoms have also been devel-
oped assist in the geometric QA of MV beam imaging com-
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ponents [4-8].   In a previous report, we described a special-
ized phantom and automatic analysis tools developed to 
quantitatively evaluate geometric parameters of both MV 
and kV imaging systems on a Varian Trilogy [9].  

This geometric QA tool has been adapted as a routine 
QA tool for geometric accuracy of both MV and kV imag-
ing systems on a Trilogy, a Synergy, and a Vero.   

II. METHODS 

A. Linacs, phantoms, and QA procedure 

Geometric characteristics of a Varian Trilogy and an 
Elekta Synergy in our institution and a Vero in a Brainlab 
AG facility (Feldkirchen, Germany) have been evaluated.  
Nominal geometric parameters of each MV and kV imaging 
systems are summarized in Table 1. 

Table 1.  Summary of nominal geometric parameters of imaging systems. 
SDD is the source-detector distance. 

Detectors 
Linac Energy SDD 

(mm) Pixel size 
(mm) Dimensions 

MV 1500 0.784 512 x 384 
Trilogy 

kV 1500 0.392 1024 x 768 

MV 1600 0.400 1024 x 1024 
Synergy 

kV 1536 0.800 512 x 512 

MV 2212 0.400 1024 x 1024 
Vero 

kV 1876 0.400 1024 x 1024 

 
Two phantoms, gQA-13 and gQA-11, have been de-

signed and manufactured for calibrating different lincas 
with different maximum field sizes.  The gQA-13 has 13 
stainless steel ball bearings (BBs) mounted on a polystyrene 
block of 170 x 170 x 240 mm while the gQA-11 has 11 BBs 
mounted on a polystyrene block of 110 x 110 x 200 mm.  
All BBs have the same diameter of 4.76 mm and their 3D 
locations have been precisely known.  The gQA-13 has 
been used to calibrate the Trilogy while the gQA-11 has 
been used to calibrate the Synergy and the Vero.  

Phantom were initially aligned to room lasers (see Fig. 
1), and MV and kV projection images were subsequently 
acquired at a series of gantry angles.  Our software tool was 
used to automatically analyze every projection image and 
calculated geometric parameters of the imaging chains, 
including x-ray source position, detector distance, detector 
center offsets, and detector orientations.  Isocenters were 
then calculated based on 3D positions of the x-ray source at 
multiple gantry angles during a coplanar rotation [9]. 

 
Fig. 1. The gQA-11 phantom was setup for the Vero QA. 

B. Reference coordinate system and projection prediction 

Two coordinate sys-
tems are defined as 
shown in Fig. 2.  One 3D 
Cartesian system de-
scribed the room coordi-
nates.  It is attached to the 
phantom and aligned in 
space.  Z is along the 
gantry rotation axis, the x 
axis is horizontal, and the 
y axis is vertical. The 
origin is defined by the 
intersection of the room 
lasers.  A 2D Cartesian 
coordinate system (u, v), 
which rotates with the 
gantry, is defined for each 
detector,.  The origin 
defined at the center of 
the detector.  The u–axis 
is always in the gantry 
rotation plane while the 

v-axis is perpendicular to the gantry rotation plane.  
In contrast to our previous report [9], the IEC gantry an-

gle convention is used in this report.  This defines 0° gantry 
angle when x-ray source at the top and the gantry angle 
increases with clockwise rotation.  Any BB located at (xB, 
yB, zB) is projected to (u, v) on the detector at a gantry angle 
of  when x-ray source has a source-axis distance (SAD) 
and off-plane distance of z.  

u
yxSAD
yxSDD

u
BB

BB

cossin
)sincos(  ,             (1) 

Fig. 2. Schematic diagram of 
coordinate systems
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while ),( vu  are detector center offsets. If the detector is 
not exactly perpendicular to the beam direction, the projec-
tion will be affected by orientation deviations.   Assuming 
an detector angular rotation along the v-axis of an angle , 
the projections along u-axis become [9] : 

u
SDD

u
uI )

2
11( 2  .                                    (3) 

Similarly, an detector rotation along the u-axis of angle  
will change the projection along v-axis from v to vI: 

v
SDD

v
vI )

2
11( 2     (4) 

From a single projection of a phantom at a given gantry 
angle, eight geometric parameters (listed in Table 2) can be 
quantitatively evaluated by an identical optimization [9].  
The first three parameters describe the actual x-ray source 
position relative to the nominal position: the deviation of 
the gantry angle , the deviation of SAD ( SAD), and the 
deviation from the rotation plane (z).  The next three pa-
rameters describe the position of the detector center, namely 
the deviation of the SDD ( SDD), and the two translational 
offsets ( v and u).  The final two parameters,  and , 
describe the detector angular orientation.   

III. RESULTS AND DISCUSSIONS 

We preformed 4, 2, and 1 QA procedures on the Trilogy, 
Synergy, and Vero, respectively.  In total, more than 4,300 
images were acquired and analyzed.  The geometric pa-
rameters evaluated are listed in Table 2.  Large variations 
were observed for SDDs of Synergy and Vero.  The SDD 
deviations were consistent for the Synergy over two QA 
procedures.  This may be due to an inaccurate nominal SDD 
or pixel size.   For example, 0.5 % deviation of pixel size is 
equivalent to 0.5 % deviation of SDD, which is about 8 mm 
of SDD.  In contrast, the Vero detectors are fixed; the 
variation observed reflects only a difference from the nomi-
nal value. The manufacturer has an appropriate calibration 
procedure for the imaging system, and therefore this differ-
ence does not manifest itself in any observable localization 
uncertainty (see Fig 4).  

Large detector center offsets were found throughout the 
Synergy QA procedures.  These offsets varied with gantry 
angle (see Fig. 3).  A shift of an isocenter may lead to gan-
try-angle-dependant change of detector offsets, but isocenter 
results cannot be explained by this change. Since multiple 

coplanar projections were acquired during a full gantry 
rotation of 360°, an isocenter was reconstructed based on 
3D positions of multiple x-ray sources (listed in Table 3).  
Most of the isocenters are very close to the origin point 
(intersection of laser alignment).   

Table 2. Summary of averaged geometric parameters for every QA. 
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Fig. 3. The kV and MV detector center offsets of the Synergy at different 

gantry angles from two QA sessions. 

The direction of the gantry rotation was also calculated 
for each unit (Table 3).  These are all very close to the ideal 
rotation axis ([0  0  1]).  The maximum angular deviation is 
only 0.0016 radian or 0.1°.   
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Coincidence of the kV and MV systems may be evalu-
ated by the distance between kV and MV isocenters and the 
difference between their coplanar gantry rotation directions.  
Table 3 shows that all three linacs exhibit good kV/MV 
coincidence.  

Table 3. Iso-centers and gantry rotation directions for every QA. 

MV kV MV kV

1 (-0.1,  0.0, -0.2) (-0.2, -0.6,  1.1) [ 0.0003  -0.0001  1] [ 0.0011  -0.0002  1]

2 (-0.2, -0.7, -0.3) (-0.1, -1.2,  0.8) [ 0.0006   0.0001  1] [ 0.0010  -0.0001  1]

3 (-0.2, -0.6, -0.3) (-0.2, -1.0,  0.7) [ 0.0010   0.0002  1]  [ 0.0014   0.0004  1]

4 (-0.0, -0.2,  -0.0) (-0.1, -0.4,  0.6) [ 0.0003  -0.0010  1] [-0.0000  -0.0010  1]

1 (-0.8,  0.4, -1.1) ( 0.2, -0.8, -0.7) [-0.0010  -0.0013  1] [-0.0006  -0.0018  1] 

2 ( 0.2,  0.2, -1.0) (-0.0, -0.7, -1.1)  [-0.0003  -0.0013  1] [-0.0005  -0.0013  1] 

( 0.5,  1.8,  1.0) [-0.0013  -0.0003  1]

(-0.0, -0.5,  0.8) [-0.0013   0.0001 1]

Linacs
QA
#

1Vero

Trilogy

Synergy

(-0.1, 1.0, -0.5) [-0.0008  -0.0002  1]

isocenter (x,y,z) (mm) Rotating Direction [x y z]

 

Apparently, the small isocenter shifts of the Synergy are 
not the major contribution to the significant detector center 
offsets observed.  As shown in Fig. 3, both MV and kV 
detector center offsets are repeatable and show different 
magnitudes but reach a minimum at gantry angles close to 
90° and a maximum at gantry angles close to 270°, where 
both detectors are facing the maximum gravitational effect.   
Based on the detector coordinate definition (Fig. 2), a simi-
lar sag at gantry angles near 90° leads to the detector center 
moving in the negative u-direction, while at gantry angles 
close to 270°, the detector center moves in the positive u-
direction. 

 
Fig. 4. Source positions vary with gimbals rotations. The left and right 

subplots are the results at gantry angle 0° and 270°, respectively. Symbol 
“x” are scattered source positions based on single BBs;  Circles are average 

source positions; squares are the expected nominal source positions. 

In addition, 18 projections were acquired and analyzed 
for the Vero gimbal system at gantry angles of 0° and 270°.  
A pan or tilt of 2.5° leads to x-ray source spatial displace-
ment of 1.74 mm because the distance from the source to 
the gimbal pivot is 40 mm.  The gimbal rotations lead to 
observable variations of BB projections.  The source posi-

tions were calculated based on BB projection variations as 
shown in Fig. 4.  The differences between the averaged 
calculated source positions and their relevant expected 
nominal positions are less than 0.2 mm. 

IV. CONCLUSIONS  

This initial application of this geometric QA tool shows 
great promises for quantitative evaluation of geometric 
accuracies of both MV and integrated kV imaging systems.  
Some manufacturers are aware of potential deviations in the 
geometric parameters deviations and have implemented 
appropriate calibration mechanisms into their imaging sys-
tems.  For example, the Synergy records the detector center 
offsets for every projection based on an independent meas-
urement.  However, a third party evaluation and routine QA 
is essential.  Further investigation on how these geometric 
uncertainties affect imaging and dose delivery is in pro-
gress.   
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Abstract—Background/Purpose: In radiotherapy of breast 
cancer, heart and lung receive high doses. When intensity-
modulated radiotherapy (IMRT) with photons is applied, parts 
of the breast volume can be missed due to breathing motion or 
tissue swelling. Additionally, larger volumes of normal tissue 
are exposed to a low dose which may induce secondary malig-
nancies. This study compares breast irradiation plans of a new 
electron IMRT technique to plans achieved with photon IMRT 
and conventional radiotherapy and investigates the impact of 
breathing motion on dose delivery.  

Materials/Methods: Treatment planning for a breast phan-
tom was performed using XiO from CMS for step-and-shoot 
photon IMRT and conventional tangential photon irradiation 
as well as a self-designed optimization program for the elec-
tron IMRT technique. Our program optimizes the orientation, 
intensity and energy of electron beams shaped with an accel-
erator-controlled electron multileaf collimator. The resulting 
plans were compared by means of dose distributions and dose 
volume histograms as well as dose measurements in the phan-
tom with and without phantom motion during irradiation. 

Results: Maximum doses in lung and heart were signifi-
cantly lower with photon IMRT and electron IMRT compared 
to the conventional technique.  Electron irradiation allowed for 
considerably better sparing of the heart when using photons. 
Concerning dose coverage of the breast, the three techniques 
resulted in similar mean doses. Target coverage by the 95%-
isodose was best with electron IMRT. Motion-induced under 
and over dosages in the target were highest for photon IMRT, 
followed by electron IMRT and conventional irradiation, while 
considerable over dosage in the heart was detected in dynamic 
measurements using photon tangents. 

Conclusions: The new electron IMRT technique is superior 
to conventional irradiation. It represents a reasonable alterna-
tive to photon IMRT, as it allows satisfying target coverage, 
better sparing of the heart, and results in less motion-induced 
under and over dosages in the breast. 

Keywords—Electron IMRT, breast cancer, breathing  
motion. 

I. INTRODUCTION  

Radiotherapy of breast cancer with tangential photon 
beams is often associated with large volumes of ipsilateral 
lung and heart exposed to a high dose, which can result in 
radiation-related toxicity such as pneumonitis, lung fibrosis, 
coronary heart disease and secondary malignancies [1].  

Over the last few years, high-precision techniques with 
intensity-modulated photon beams have been investigated to 
avoid high doses in the heart and lung [2, 3]. However, 
reducing high doses in organs at risk often results in a sig-
nificantly larger irradiated volume of normal tissue, which 
may lead to secondary malignancies as well [4]. Addition-
ally, dose delivery is affected by breast motion during respi-
ration and tissue swelling due to relatively small irradiation 
fields (subfields) compared to tangential irradiation [5]. 

The larger irradiated volume of normal tissue can be 
overcome using charged particles such as protons or elec-
trons [3, 6]. Particularly for breast cancer, megavoltage 
electron beams can be considered an alternative to protons, 
because appropriate depth-dose conformity is achievable 
using various beam energies from conventional accelera-
tors. In contrast to proton facilities, electron beam therapy is 
widely available.  

Our goal was therefore to develop an IMRT technique 
for electron beam therapy. This study compares the new 
electron IMRT technique to conventional photon irradiation 
and photon IMRT for the treatment of breast cancer and 
investigates the impact of breathing motion on plan delivery 
based on static and dynamic dose measurements. 

II. METHODS AND MATERIALS 

A. Treatment Planning 

Treatment planning was conducted using conventional 
photon irradiation, photon IMRT and our new electron 
IMRT technique for a solid-water phantom with breast 
extension as well as bone and lung inserts (Euromechanics, 
Schwarzenbruck, Germany). The phantom is motor-driven 
in the anterior-posterior direction by an interchangeable 
eccentric plate approximating phantom motion of different 
amplitudes and frequencies (Figure 1). The phantom was 
scanned fixed in the middle-position using a conventional 
CT-scanner. 

The planning target volume (PTV) was the left breast, 
which should receive a total dose of 50.4Gy (1.8Gy per 
fraction). In addition, the PTV should be covered by the 
95% isodose line (95% of the prescribed dose). The heart 
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and the ipsilateral lung were considered to be organs at risk, 
indicated by the yellow and green lines in Figure 2. 

The conventional plan with nearly opposed and wedged 
tangential photon beams (6MV) was generated with XiO 
from CMS (Maryland Heights, USA, Version 4.3.3). The 
beams were extended by 2.5cm outside the phantom to take 
breathing motion into account. The dose was calculated 
with a superposition algorithm. 

IMRT planning using step-and-shoot photon beams 
(6MV) was also performed with XiO from CMS. In order to 
spare the ipsilateral lung and the heart, the dose constraints 
were set such that only 20% of the lung volume and only 
10% of the heart volume should receive a dose more than 
20Gy and 10Gy, respectively. The dose calculation was also 
accomplished with a superposition algorithm and a dose 
grid size of 2mm. 

The electron IMRT plan was created with a stand-alone 
optimization program based on our previous studies [7]. 
Electron dose calculation was performed by Monte-Carlo 
simulations with Pinnacle from Philips (Andover, USA, 
Version 8.1s) using a dose grid size of 3mm and a dose 
calculation uncertainty of 2%. Based on dose calculations in 
volumes of interest, the program optimizes the gantry and 
table angles of the fields and computes the optimal shape, 
energy and weight of the subfields for step-and-shoot dose 
delivery with an electron multileaf collimator (Euromechan-
ics, Schwarzenbruck, Germany). As presented in Figure 1, 
the multileaf collimator is mounted on a conventional accel-
erator (Siemens, Erlangen, Germany) at 16cm collimator-to-
isocenter distance [8] and remote-controlled by the accelera-
tor using the block code connectivity from Siemens. 

As the electron beam incidence angles were approxi-
mately in the same direction as the breast motion and the 
electron penetration depth is almost independent of the 
source-to-surface distance, the electron plans were opti-
mized using a PTV without including the entire chest wall. 
According to the ICRU50, a margin of 0.5cm was added 
between the chest wall and the lung for the photon plans to 
allow for chest wall motion during tangential irradiation. 

B. Dose Measurements 

Dose measurements in the breast phantom were per-
formed with radiochromic film (GafChromic EBT, ISP, 
Wayne, USA). As indicated by blue lines in Figure 1, one 
film was positioned across the left breast and one close to 
the lung inserts through the heart.  

The impact of breathing motion on dose delivery was in-
vestigated by comparing the measured dose with and with-
out phantom motion during irradiation. Common breathing 
motion was approximated by phantom motion in the ante-
rior-posterior direction using 7mm amplitude during a 4s 

period of respiration time. However, the assumption that 
amplitude and frequency of the breast motion coincide with 
motion of the heart is partly incorrect due to the motion 
from the heartbeat with higher amplitude and frequency. 

For film calibration, films were placed in a solid-water 
phantom (RW3 Phantom, PTW, Freiburg, Germany) at 
100cm SSD and irradiated with a 10cm × 10cm field with 
the same number of monitor units necessary to deliver dif-
ferent doses between 0.2-3.0Gy. The doses were measured 
with a parallel-plate ionization chamber (Roos type, PTW) 
at the depth of the film position (dose maximum) in the 
same phantom. The films were scanned after 12h (Scan-
Maker 8700, Microtek, Willich, Germany) and the scan 
values were correlated with the measured doses. The film 
background was considered by scanning an unexposed film. 
The film calibration was performed at 6MV photons and 6-
14MeV electrons as well as at different accumulated doses 
to ensure the energy/radiation independence and dose line-
arity of the film. For film evaluation, the calibration values 
were used to convert the measured scan values to dose by 
linear interpolation between the calibration values. 

 
 

 
Fig. 1 Add-on multileaf collimator for electrons mounted on a conven-
tional accelerator. Dose measurements in a breast phantom were conducted 
using radiochromic film at the blue lines. Breast motion during respiration 
(see arrow) was approximated by a motor-driven eccentric plate 

III. RESULTS 

A. Plan Comparison 

For comparison of the three irradiation techniques, the 
resulting dose distributions and dose-volume-histograms are 
presented in Figure 2 and 3, respectively. The parameters of 
mean dose, maximum dose, D95 (minimum dose in 95% of 
the target volume) and V20 (volume receiving more than 
20Gy) are summarized in Table 1. 

The target coverage of the three delivery techniques was 
only similar for the mean dose. D95 was highest with elec-
tron IMRT, followed by photon IMRT and the conventional 
technique. However, the IMRT plan with photons had a 
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much higher maximum target dose of approximately 5Gy 
compared to conventional irradiation or IMRT with elec-
trons. Therefore, the best dose coverage of the breast was 
achieved using the electron IMRT approach. 

The conventional photon beam technique resulted in a 
large volume of ipsilateral lung exposed to high dose, indi-
cated by V20. This parameter was lowest for photon IMRT, 
followed by electron IMRT. However, the maximum dose 
to the ipsilateral lung was lowest with electron IMRT.  

The best sparing of the heart was achieved with the new 
electron delivery technique. Although the maximum heart 
dose was considerably lower with photon IMRT than with 
photon tangents, intensity modulation with photons resulted 
in a higher mean heart dose. The electron technique was 
superior with respect to all three parameters of mean dose, 
maximum dose and V20. The values are listed in Table 1.  

As far as the delivery time is concerned, conventional ir-
radiation is superior due to the lowest number of monitor 
units (200MU) and irradiation fields (4 fields), followed by 
electron IMRT (392MU, 9 fields, 23 subfields) and photon 
IMRT (1342MU, 5 fields, 80 subfields).  

Table 1 Histogram parameters of mean dose, maximum dose, D95 (mini-
mum dose in 95% of the target volume) and V20 (volume receiving more 
than 20Gy) for the breast volume (PTV) and the organs at risk (ipsilateral 
lung and heart) of a breast phantom shown in Figure 1 and 2 

 Parameters Max Dose 
(Gy) 

Mean Dose 
(Gy) 

D95 
(Gy) 

V20 
(%) 

  Photon Tangents 55.4 49.9 40.3 - 
 PTV  Photon IMRT 61.1 51.7 44.6 - 
  Electron IMRT 56.6 50.8 46.5 - 
  Photon Tangents 54.4 12.8 - 23.9 
 Lung  Photon IMRT 51.0 12.0 - 15.6 
  Electron IMRT 40.8 11.9 - 18.5 
  Photon Tangents 51.2 3.2 - 3.6 
 Heart  Photon IMRT 28.5 7.0 - 0.9 
  Electron IMRT 24.8 3.4 - 0.6 

B. Dose Measurements 

The change in dose conformity in the breast as well as 
the change in dose to the lung and heart due to phantom 
motion during irradiation are shown in Figure 4 and 5, re-
spectively. The dose differences were normalized to the 
fraction dose of 1.8Gy. 

As a result, dose coverage of the target volume is most 
affected by phantom motion using intensity-modulated 
photon beams, followed by electron IMRT and tangential 
photon irradiation. Only a slight dose increase of less than 
5% was detected for the conventional technique compared 
to over dosages of approximately 10% for the IMRT tech-
niques. However, considerable areas of under and over 

dosages of more than 15% at the edge region as well as 
larger areas of under dosages of approximately 10% were 
detected after delivery of photon IMRT.  

The change in dose to the ipsilateral lung and heart was 
greatest for the tangential beam technique. The dose to the 
heart (below the black line in Figure 5) was approximately 
15-20% higher after plan delivery with phantom motion. 
Only slight dose differences were detected following IMRT 
delivery with photons or electrons.  

 
Fig. 2 Dose distributions of tangential photon beams (left), photon IMRT 
(center), and a new electron IMRT technique (right) for irradiation of a 
breast phantom. The breast, heart and lung are indicated by the red, yellow 
and green contours, respectively. The blue lines show the positions of the 
film measurements presented in Figure 4 and 5 
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Fig. 3 Dose-volume-histograms of breast plans created with photon tan-
gents, photon IMRT and electron IMRT. The corresponding dose distribu-
tions and histogram parameters are shown in Figure 2 and in Table 1 
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Fig. 4 Dose differences in the breast between dynamic and static film 
measurements (cf. film position in Figure 1 and 2) of plans created with 
photon tangents (left), photon IMRT (center) and electron IMRT (right) 
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Fig. 5 Dose differences in the heart (below the black line) and lung be-
tween dynamic and static film measurements (cf. film positions in Figure 1 
and 2) of irradiation plans created with photon tangents (left), photon 
IMRT (center) and electron IMRT (right) 
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IV. DISCUSSION 

A new IMRT beam technique performing advanced elec-
tron irradiation has been presented by treatment planning 
for a breast phantom. The resulting plan was compared to 
the plans for photon IMRT and conventional irradiation. 
Moreover, dose measurements were conducted with and 
without phantom motion during plan delivery to determine 
the change in dose coverage of the breast as well as the 
change in dose to the lung and heart. 

Our results demonstrate that breast irradiation with con-
ventional tangential photon beams is likely to result in un-
satisfying target coverage and considerable parts of the 
heart and ipsilateral lung receiving maximum doses higher 
than the target dose (cf. Table 1). In addition, a much larger 
volume of the heart is exposed to a high dose when breath-
ing motion and heartbeat are taken into consideration. 

It could be also presented that high-precision techniques 
as photon IMRT result in a better dose coverage of the PTV 
compared to the conventional technique. However, the 
better target coverage is achieved at the cost of a low-dose 
exposure to the ipsilateral lung and heart of approximately 
10% of the prescribed dose (cf. Figures 2 and 3). This low-
dose effect is known to lead to an increased rate of radia-
tion-induced secondary malignancies [4]. Considering the 
favorable survival prognosis of most breast cancer patients, 
many of these patients will live long enough to be at risk of 
developing such secondary tumors. 

This study has shown that breast irradiation with an ad-
vanced electron beam technique provides a better sparing of 
the heart and the lung than with the intensity-modulated 
photon beam technique as well as a significantly better 
target coverage than the conventional beam technique. In 
contrast to photon IMRT, the electron IMRT technique was 
associated with a low-dose effect only in small parts of the 
ipsilateral lung and the heart. Thus, the risk of developing 
radiation-induced secondary malignancies is much lower for 
electron IMRT than for photon IMRT.  

Furthermore, dose delivery with electrons is less affected 
by target motion when performing photon IMRT and results 
in almost no change in the dose to the heart or the lung 
compared to photon irradiation which justifies the different 
PTV definition for the electron and photon plans. We expect 
breathing motion to have a smaller impact on dose delivery 
using larger subfields. Therefore, we plan on improving our 
IMRT program by implementing a minimum subfield size. 

V. CONCLUSIONS  

Electron IMRT was superior to the conventional tech-
nique for irradiation of a breast phantom with respect to 

both target coverage and the sparing of critical organs. It 
allows satisfying dose coverage of the breast and better 
sparing of the heart than photon IMRT and is less affected 
by motion-induced under and over dosages in the target.  

As electron IMRT results in almost no low-dose to nor-
mal tissue, the risk of radiation-induced secondary malig-
nancies is considerably lower than for photon IMRT.  

The electron IMRT technique can be easily performed 
employing widely-used conventional treatment machines 
and can therefore easily be introduced into clinical routine. 
Thus, the new electron IMRT beam technique can be con-
sidered a reasonable alternative to other high-precision 
techniques in radiotherapy of breast cancer. 
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Abstract—In vivo dosimetry is the best way to confirm ac-

curacy of delivered to the patient. Proper calibration of TLD 
prior in vivo measurement required to ensure accurate dose 
measurement. TLD100 calibration were done using Alcyon 
cobalt60 teletherapy machine using SSD technique on water 
phantom. Series of doses from 10cGy to 400cGy delivered to 
determined TLD response over dose variation and calibration 
factor. Cobalt 60 radiation output calibration was measured to 
determined irradiation time. TLD’s were placed on phantom 
surface and in water at 5cm depth using 10cm X 10cm field 
size, and read using Harshaw Model 2000A and 2000B TLD 
reader. Depth of maximum was selected as TLD dosimetry 
reference point, and calibration factor and curve were made 
based on dose at dmax position. To study TLD response with 
field size changes, the TLD were irradiated with several field 
sizes. Measurements showed different result between two 
calibration methods. On surface calibration over series of 
doses giving linier function of y = 85.732x – 1.874 and in phan-
tom measurements giving linier function of y = 52.388x + 
14.749. The calibration factor for on surface and in phantom 
are 84.365 cGy/ C and 57.158 cGy/ C. TLD show high re-
sponse at 4cm x 4cm field size and show decreasing trend as 
field size increases. Calibration should be done according to in-
vivo measurement setup that will employ at the institute. It is 
clearly seen that the two different setup gave greatly different 
results. Surface calibration suitable for dose estimation using 
entrance dose measurement setup. In phantom calibration 
only suitable for dose determination that uses TLD within 
phantom, such as IMRT dose verification using TLD or organ 
dose study, and it is important to correct the TLD response 
with field size changes. 
Keywords— TLD100, calibration, cobalt 60, in vivo. 

I. INTRODUCTION  

 Radiotherapy treatment delivery is complex systems. 
The processes involve multidiscipline knowledge and many 
personnel. There are possibilities for each process introduc-
ing error which leads to changes of planned and delivered 
dose. In external beam therapy, quality assurance program 
is carried out for each process and many protocols give 
recommendation on tolerance level in order to reduce error 
on treatment delivery. Even though all the quality assurance 
was done on every process, the best quality assurance is at 
the end of the treatment process. At this point, user can 

detect if the planning is not match with delivering. In vivo 
dosimetry can measured dose at target volume indirectly. 

Several methods for in vivo measurements are 
available such as TLD, MOSFET and diodes1-5. Prior in vivo 
measurement, proper calibration is required to ensure accu-
racy of the measurement. TLD are commonly use for spe-
cial procedure and for patient it seems more comfortable 
since no cable and electrometer required during measure-
ment, but TLD is more labor intensive. Diode and MOSFET 
are more convenient to use since it gives online reading 
during measurement instead of TLD which required read 
out after measurement, but diode and MOSFET less con-
venient for patient since it uses cable attach to it.  Even 
though TLD system is more expensive and required more 
labor than diode and MOSFET, the application of TLD for 
in vivo is still popular. TLD has wide dose range and can be 
used for long term and proper calibration is very important 
when using TLD.   

In vivo measurement can be done using surface 
dose or in-phantom method and proper calibration factor is 
required for each measurement method. Medical physics 
laboratory at Dosimetry division of Centre for Technology 
for Radiation Safety and Measurement is trying to improve 
its capability by making a methodology to monitor dose 
delivered to patient using in vivo measurement with TLD. 
This work studies the effect of calibration setup for TLD 
and its response with field sizes change.  

II. MATERIAL AND METHODS  

Measurement were done using TLD100 chip, TLD 
reader model 2000A and B from Harshaw, and Cobalt 60 
teletherapy machine Alcyon II at Dr. M. Jamil hospital 
Padang West Sumatra. Batching procedure before meas-
urement were done to ensure TLD chips used on measure-
ment has same response and to reduce reading variation 
during measurements. Three TLDs were used for each point 
of measurement; this technique was used to control TLD 
reading consistency. If reading variation between those 
three TLD were > 5%, the closest reading in that TLD 
group will selected. Cobalt 60 output calibration was done 
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using 6cc Ionization chamber from victoreen using water 
phantom following TRS277 protocol with SSD 80 cm.  

Dose variations for TLD calibration on phantom surface 
were from 7 - 315 cGy at 5cm or 10-400cGy at dmax, and 
for in-phantom calibration dose variation were 48 - 339 cGy 
at 5cm depth. The measurement setup is following standard 
setup for output calibration at IAEA TRS277, which is Field 
size 10 cm x 10 cm and dose determined at 5cm depth 

 
(a) 

 
(b) 

Fig. 1 (a) Measurement setup for on-surface and (b) in phantom calibration 
using reference field size = 10 cm x 10 cm 

 Calibration factor are obtained by taking ratio of dose 
of ionization chamber and TLD reading at reference condi-
tions5 (equation 1 and 2). Since measurements are done at 5 
cm, PDD correction required to correct measured dose to 
dmax position. TLD reading at 5 cm is corrected to dmax 
position using PDD table as well as dose correction from 5 
cm to dmax position. 
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D
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DIC is dose from ionization chamber measurement and 
TLDR is TLD reading. Using this ratio the TLD reading will 
be corrected into absorbed dose at reference depth.  

There was no build up use for on-surface measurement; 
this technique was use because it seems more practical for 
clinical use. In-phantom measurements were done using 
water phantom at 5cm, and same equation was used to de-

termine calibration factor. From this measurement we can 
obtain calibration factor at 5cm for TLD exactly as defined 
by equation 1. Dose response of TLD with dose variation 
can be seen by creating plotting the TLD reading and actual 
dose. It is expected TLD has a linier response, and some 
extra correction will required if the curve is not linier. Ref-
erence point selected for TLD calibration factor is at dmax 
position since it is simpler than selecting at any other depth, 
at dmax the PDD will always 100% and it would be easier 
to understand how to move the calibration point at any 
depth. Correction factor for field size variation were calcu-
lated using equation 3 and 45, and the setup configuration is 
following fig.1a 
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Where c is side of the square field in cm, and R is detec-
tor reading.  

III. RESULT AND DISCUSSION 

Table 1 and 2 shows that two measurement setups are 
giving different result. Calibration factor from on surface 
setup can be derived into any depth as long as the output 
calibration using ionization chamber is done properly, and it 
can be calculated using PDD table. Value of calibration 
factor at 5cm on both setups is different; this might happen 
because there is more scatter inside the phantom compare 
on the surface. The variation of calibration factor is 2.741% 
and 6.025% for on surface and in phantom methods as 
shown in fig. 2. It shows that measurement in phantom 
surface is giving less variation compare with in phantom 
measurement setup. The standard deviation is constant for 
dmax and 5 cm because PDD correction factor used to cor-
rect dose at 5cm to dmax is canceling out in standard devia-
tion calculation. 

Dose response of TLD are linier on both measurement 
setups with R2=0.9984 and R2=0.9963 for surface and in 
phantom setups. The linier equation are y=85.73x-1.87 and 
y=52.39x+14.75 for on surface and in phantom setup using 
dmax as reference point, and when 5cm depth uses as refer-
ence the linier equations are y=67.56x-1.48 and 
y=52.39+11.62 for on surface and in phantom setup. The 
different between two reference point is due to PDD correc-
tion when converting dose point from measurement to ref-
erence point. When in vivo dosimetry use surface dose 
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measurement setup, the calibration factor and dose response 
can be calculated using the PDD correction factor. For 
measurement using in phantom the calibration factor will 
remain the same at any depth of measurement.  Dose re-
sponse of TLD are linier on both measurement setups with 
R2=0.9984 and R2=0.9963 for surface and in phantom set-
ups. The linier equation are y=85.73x-1.87 and 
y=52.39x+14.75 for on surface and in phantom setup using 
dmax as reference point, and when 5cm depth uses as refer-
ence the linier equations are y=67.56x-1.48 and 
y=52.39+11.62 for on surface and in phantom setup. The 
different between two reference point is due to PDD correc-
tion when converting dose point from measurement to ref-
erence point. When in vivo dosimetry use surface dose 
measurement setup, the calibration factor and dose response 
can be calculated using the PDD correction factor. For 
measurement using in phantom the calibration factor will 
remain the same at any depth of measurement.  

The calibration factor for in phantom measurement 
is smaller than on surface calibration factor, it happens 
because phantom scatter is more dominant compare to back 
scatter factor. Different calibration factor obtained from 

both measurement setup tells us that each measurement 
setup require analogous calibration setup. Mixing up cali-
bration procedure with in vivo dosimetry measurement 
setup will result large error on final conclusion of measure-
ment. In phantom measurement would be suitable for veri-
fication that used TLD within the phantom such as IMRT 
and anthropomorphic phantom, and somehow become un-
suitable for measurement on patient. On surface calibration 
factor is more suitable for clinical case that involve patient. 

TLD responses over several field size is shown at fig. 3, 
the curve is showing decreasing trend when field size in-
creases. It seems that when the field size is small there are 
more scatter from treatment head reaching the TLD, since 
scatter radiation has lower energy and TLD is more sensi-
tive to low energy the response of TLD will be higher at 
small field size. It also shown that at field size less than 
10cm x 10cm, TLD respon at surface is higher than at 5cm 
depth. There is might happen due to scatter radiation that 
reach TLD. When surface place at surface of the phantom 
head scatter is more dominant, while at 5cm depth there is 
less scatter from medium, opposite thing happen when field 
size is increase. 

Table 1. On surface measurements result, dose at dmax calculated using PDD correction 
TLD reading Dosis Fcal 

at surface 5cm dmax 5cm Dmax 

( C) (cGy) (cGy) (cGy/ C) (cGy/ C) 
0.103 7.190 9.124 69.806 88.586 
0.234 14.950 18.972 63.889 81.077 
0.342 22.840 28.985 66.784 84.751 
0.467 30.560 38.782 65.439 83.044 
0.569 38.400 48.731 67.487 85.643 
0.958 62.630 79.480 65.376 82.964 
1.173 78.400 99.492 66.837 84.819 
1.763 118.210 150.013 67.050 85.089 
2.427 157.170 199.454 64.759 82.181 
3.060 196.520 249.391 64.222 81.500 
3.567 239.300 303.680 67.087 85.136 
4.570 315.430 400.292 69.022 87.591 

average 66.480 84.365 

Deviation(%) 2.741 2.741 

Table 2. In phantom measurements result, TLD reading and absorbed dose at dmax calculated using PDD correction 

TLD reading Dose Fcal 

5cm dmax 5cm dmax 5cm dmax 
C) C) (cGy) (cGy) (cGy/ C) (cGy/ C) 

0.788 1.000 48.542 61.602 61.597 61.597 
1.579 2.004 97.084 123.203 61.485 61.485 
2.644 3.355 145.626 184.805 55.088 55.088 

3.314 4.206 194.169 246.407 58.590 58.590 
4.499 5.709 242.711 308.008 53.948 53.948 
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5.189 6.585 291.253 369.610 56.129 56.129 
6.379 8.095 339.795 431.212 53.268 53.268 

Average 57.158 57.158 
Deviation(%) 6.029 6.029 
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Fig. 2 Calibration factor variation using dmax as reference depth. 

 
Fig. 3 Correction factor of TLD with field size 

IV. CONCLUSIONS  

Calibration factor between on surface and in phantom are 
different. Therefore application of both calibration factors 
should be use carefully according to in vivo measurement 
setup. Calibration should be done according to in-vivo 
measurement setup that will employ at the institute. It is 
clearly seen that both measurement setup gave greatly dif-
ferent results. On surface calibration only suitable for dose 
estimation using entrance dose measurement setup. In phan-
tom calibration only suitable for dose determination that 
uses TLD within phantom, such as IMRT dose verification 
using TLD or organ dose study. To increase accuracy the 
field size correction factor is important, since TLD shown 
different response over several field sizes. 

ACKNOWLEDGMENT 

Author would like to say thank you for Mrs. Susi at ra-
diotherapy department of DR. M. Djamil Hospital Padang 
West Sumatra, Miss Yenita and Miss Ineke at Physics De-
partment of University Andalas for their help during data 
collection, Mr. Thoyib Thamrin, Mrs. Helfi Yuliati, Mrs. 
Diah and Mrs Suyati at Dosimetry Division at Centre for  

technology of Radiation Safety and Metrology for their 
effort providing TLD during this project. 

REFERENCES  

1. Jason Morton (September 2006) Clinical Implementation of Mosfets 
for Entrance Dose In-Vivo Dosimery with High Energy Photons for 
External Beam Radiation Therapy, Thesis, School of Chemistry and 
Physics University Adelaide. 

2. Kai Huang (December 2002) Characterization of an In Vivo Diode 
Dosimetry System for Clinical Use, Thesis, Department of Physics 
and Astronomy Lousiana State University. 

3. Valdir C. Colussi, A. Sam Beddar, Timothy J. Kinsella and Claudio 
H. Sibata (Fall 2001) In Vivo Dosimetry using a Single Diode for 
Megavoltage Photon Beam Therapy: Implementation and Response 
Characterization, Journal of Applied Clinical Medical Physics, Vol.2. 
(4), 210-218. 

4. Jan Van Dam, Ginette Marinello(2006) Methods for In Vivo Do-
simetry in External Radiotherapy, ESTRO Booklet, second edition. 

5. Dominique H et al(2001) Practical guideline for the implementation 
of iv vivo dosimetry with diodes in external radiotherapy with photon 
beams (Entrance dose), ESTRO booklet 5, first edition. 
 
Author: Heru Prasetio 
Institute: National Nuclear of Indonesi 
Street: Jl. Lebak Bulus No.49, Jakarta selatan,10270 
City: DKI jakarta 
Country: INDONESIA 
Email:  prasetio@batan.go.id  

 
 

  
 IFMBE Proceedings Vol. 25  

TLD Correction Factor for Dose Delivery Verification on Gamma Radiation Cobalt-60 on Clinical Treatment 369



Development of Treatment Planning System in Peking University  

Bao Shanglian1,2 Zhang Yibao1 , Huang Feizeng1

1 The Beijing City Key Lab of Medical Physics and engineering & the Center for Tumor Diagnosis and Therapeutical Physics, Peking

University, Beijing, P. R. China
2 The Beijing HealthWare Sci&Tech. Inc, Haidian Chengfulu 160, Beijing P. R. China 

Abstract—the research on 3D conformal radiotherapy with 
a pencil beam kernel dose model and some 3D visualization 
technologies were developed. The results have been coded to 
form a product HW-TPS which has been systematically eva-
luated in Hospitals. HW-TPS was further developed with an 
inverse optimized hybrid algorithm for IGRT. Our new effort 
on biology guided radiotherapy (BGRT) is on the way with a 
goal of integrating more functional imaging information to 
show the biological status of the tumor and its surrounding 
tissue.  

Keywords—Dose calculation, Treatment Planning System, 
Biological guided Radiotherapy 

I. INTRODUCTION  

The Treatment planning system (TPS) is the key point of 
resource allocation for radiotherapy (RT). The TPS on 3D 
conformal RT was developed with pencil beam kernel dose 
model and 3D visualization technology [1, 2], and these 
results were coded into the product HW-TPS which was 
systematically evaluated in tumor hospitals in Beijing [3, 4]. 
In addition, HW-TPS has been approved as commercial 
product by SFDA of China in 2008 [5].  At the same time, 
an inverse optimization procedure was developed with a 
hybrid algorithm, which was simulated and evaluated with 
real data [6]. Practically, all plans need to be checked and 
verified in clinics. Therefore, a check and verification soft-
ware with statistical models was developed [7, 8]by our 
group.     

By far, the people in this field are paying more attention 
to dynamical mechanical adapting between patient lesion 
and radiation field, which is an important issue for RT, but 
not the most issue.  The foremost matter in RT should be 
the dynamical adapting between patient lesion and biologi-
cal status, which could be defined as Biology Guided Ra-
diotherapy (BGRT), because the therapeutic efficacy is very 
much influenced by tumor biological status. 

II. MATERIALS AND METHODS 

A. Dose calculation algorithm 

The dose calculation algorithm applied in HW-TPS is the 
pencil beam kernel model; the dose in depth d at position r 
is given as:  

rrr
r

r 2),,(
),(

),( dEdH
dE

Ed
dEdD

 (1) 

Where H(r, d) is the kernel function, which is calculated 
by a Monte Carlo code. The Values of the Kernel functions 
were stored in a database for further quoting to fit the expe-
rimental data measured by a water tank for each LINAC. 
After the systematically comparison between the theoretical 
calculated results and the experimental data, it has been 
shown that all calculation uncertainty was within 2%, which 
has considered for the non-uniformity of human tissue den-
sity and the inferiority scattering energy deposit. 

B. Dose calculation algorithm 

The inverse optimization algorithm was set up with a hy-
brid model of conjugate gradient and simulated annealing 
inverse algorithms in an optimization search process in a 
parallel calculation environment of a computer workstation. 
The optimization scheme is shown in Fig 1 and the result is 
pretty satisfying.  The conjugate gradient search was 
adopted to  the physical parameters, e.g. the position and the 
moving speed of the multi leaf collimate (MLC), the differ-
ent accelerator gantry angle, and the incident energy selec-
tion at these angles, et al. The simulated annealing process 
was circulated for each step of temperature and particle size 
changing. Following this, a hybrid uniform structure of 
neighborhood search strategy (HUSNSS) was constructed, 
in which each predominant algorithm was taken into the 
scheme and contributed more optimization efficiency. 
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C. Biology Guided Radiotherapy (BGRT) 

With the functional medical imaging technologies, many 
functional information, such as the voxel based metabolism 
products in MRIS, blood flow and blood volume, drug con-
centration, special molecular information in vivo, as well as 
the cognition information of brain functions, et al. are all 
possible to be measured for patients, which can clearly 
indicate the biological status of tumor and its surrounding 
tissues. Therefore, the medical physicians can well evaluate 
the situation and adjust the prescription for individual pa-
tient.  The key problem is how to accurately integrate the 
information into the same coordinate system with so much 
different meaning, different space resolution, and different 
contrast imaging data.  In our case, we have already suc-
ceeded in integrating the data of Magnetic Resonance Imag-
ing Spectroscopy (MRIS) into TPS. With this procedure and 
idea, all other imaging data will be integrated with a novel 
automatic grading and data processing method [9] in a 
DICOM–RT frame, which is the base for BGRT technology 
that we believe will be the mainstream in next 10 years.  

Fig. 1 The scheme of dose optimization process using a hybrid 

model of Conjugate gradient and simulation annulling models 

III. CONCLUSIONS  

Medical Physics laboratory of Peking University focuses 
on the efforts of radiotherapy treatment planning system for 

more than 10 year, during which we developed 3D confor-
mal commercial products HW-Plan, and developed the 
hybrid inverse optimization system for IGRT, built the 
combination platform doing theoretical research, Monte 
Carlo simulation and experimental measurement. All these 
progresses were verified with a film based system HW-
Plan-Verification. Now a new goal on biology guided radio-
therapy (BGRT) has been set up, which will integrate more 
physiological and psychological imaging information into 
the TPS and monitor the status of lesion before, during and 
after the radiotherapy. Using this information, the better 
optimized clinical routine can be gotten and new solution 
for insensitive biological status of tumor, such as hypoxic 
status, will be made. 
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Direct Monte-Carlo optimization (DMCO) with biological, physical and hybrid 
objective functions 
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Abstract— The biological effects of an applied dose can be 
taken into account by using biological objective functions with 
IMRT. A commonly used concept is the generalized equivalent 
uniform dose (gEUD) developed by Niemierko. Unlike the 
equivalent uniform dose (EUD) which is defined for the tumor 
only, the gEUD can be used for both, target volume and organs 
at risk. In this study, the gEUD has been integrated in our in-
house inverse treatment planning system DMCO (direct 
Monte-Carlo optimization). DMCO is based on an inverse 
kernel concept and is maintaining full Monte-Carlo precision. 
The system uses direct aperture optimization by means of a 
simulated annealing algorithm. Via simulated annealing, it is 
more likely to find a global minimum than with gradient-based 
methods. In this work, we are performing a ‘pseudo’ Pareto 
study with different gEUD parameters on a prostate case. The 
best plan is then compared to a conventional plan, which is 
based on dose-volume constraints. Furthermore, a hybrid 
objective function (OF) was developed. It consists of both, a 
biologic OF in the OARs and a physical OF in the target. A 
plan comparison is performed by means of target coverage 
OAR sparing. 

Keywords— IMRT, gEUD, direct aperture optimization, 
biological optimization, Pareto-optimal 

I. INTRODUCTION 

The equivalent uniform dose (EUD), developed 1997 by 
Niemierko [1], is based on the linear quadratic cell kill 
model and can be applied only to tumors. A phenomenol-
ogical description of the radiobiological effect of radiation 
was given later with the generalized EUD (gEUD) [2]. This 
concept can be used not only for the target but also for criti-
cal structures or normal tissue. The gEUD parameter a is 
tissue and end-point specific. It reflects how serial or paral-
lel an organ is organized [3]. Large negative values apply to 
tumors, large positive values to serial organs and values 
close to 1 apply to parallel organs. By analysis of clinical 
data and by calculation from normal tissue tolerance data, 
possible values for the parameter a of important organs and 
tumors have been determined in some publications [3, 4]. 
However, a can also be adjusted manually in order to 
achieve desirable results.  

Recently, an inverse treatment planning system, termed 
direct Monte-Carlo optimization (DMCO), was presented at 

the University of Regensburg [5]. It is based on the inverse 
kernel (IK) concept [6]. The IK matrix contains the dose 
contributions of each bixel to each voxel of the patient vol-
ume. The matrix elements are obtained by a single MC 
simulation with the fast and accurate MC-code XVMC [7]. 
DMCO also uses a simulated annealing algorithm and a 
direct aperture optimization technique as suggested by 
Shepard et al. [8]. By optimizing the segments of the multi-
leaf collimator directly, the loss of plan quality, that comes 
along with fluence optimization followed by segmentation, 
can be avoided [9]. Simulated annealing has - compared to 
gradient-based algorithms - a higher probability to find the 
global minimum or a local minimum proximate to the 
global one [10]. Furthermore the algorithm has less re-
quirements on the form of the OF as it does not require 
differentiability. Hence it is suitable for testing different 
OFs. 

In this work, the gEUD was integrated in DMCO and 
was used to optimize a prostate case. In a ‘pseudo’ Pareto 
study, the parameter a was varied and the resulting dose 
homogeneity in the target as well as the resulting sparing of 
the OARs was investigated. A 'best' plan was determined 
and compared to a conventional plan. Furthermore, a 'hy-
brid' OF was developed which consists of a gEUD-based 
OF for the OARs and a dose-based OF for the target vol-
ume. The result of the optimization by means of the hybrid 
OF was compared to the purely biological and physical 
optimized plans. 

II. MATERIALS AND METHODS 

A. Objective Functions 

Planning was performed with the in-house planning sys-
tem DMCO. For the physical-optimized plan, we used a 
conventional least-squares OF with dose-volume objectives 
for OARs and minimal and maximal dose objectives for the 
target. 

The basis for the biological cost function was 
Niemierko’s formula for the gEUD: 
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The summation goes over all N voxels of the patient vol-
ume and a is the gEUD-parameter. For the biological opti-
mization, the gEUD was minimized; the cost function for 
the volumes of interest (VOI) can be defined as: 

( ) DMCO
VOI

VOIVOI OFgEUDgEUDOF +−=∑ 2

0  (2) 

Here, gEUD0 denotes the desired gEUD and OFDMCO de-
notes the additional terms that are part of DMCO, for in-
stance a smoothing term for the segment shapes [5].  

The hybrid OF uses the biological objective from equa-
tion (2) only for the OARs, whereas conventional minimal 
and maximal dose constraints are used in the PTV. A simi-
lar OF has been used previously by Hartmann et al. [11]. 

B. Prostate case 

The study was performed on a prostate case with a setup 
of 7 coplanar equiangular-spaced beams, each consisting of 
5 segments. The gantry angles were 0°, 51°, 103°, 157°, 
206°, 257° and 308°. The resolution of the cubic dose grid 
was 4 mm.  Table 1 displays the dose-volume constraints 
used for the physical-optimized plan. For the biological and 
the hybrid OF, the parameter a was set to 2.3 for the blad-
der, 10 for the rectum, 5 for the femur and 1 for the unspeci-
fied tissue. 

C. Plan evaluation 

The resulting DVHs of the plans were normalized to the 
average dose in the PTV and were evaluated by means of   

• Dx, the maximal dose received by x percent of the vol-
ume 

• the target dose homogeneity H=(D5-D95)/Davg, where 
Davg  denotes the average dose in the PTV 

• the sparing of the OARs in terms of Vy, where Vy de-
notes the volume that receives y percent of the dose. 

 

Fig. 1 ‘Pseudo’ Pareto study: PTV and bladder 

 

Fig. 2 ‘Pseudo’ Pareto study: PTV and rectum 

D. ‘Pseudo’ Pareto study 

In contrast to a Pareto study, only one parameter, the pa-
rameter a for the PTV, was varied over a wide range of 
values from -8 to -50, whereas all other parameters were 
kept constant. Therefore it is termed a ‘pseudo’ Pareto study 
[12]. 

Table 1  Dose-volume constraints for the physical-optimized plan 

VOI Dose (%) / volume (%) Min/Max dose (%) 

PTV   95 / 105 
Rectum 50 / 20 75 / 10 - 
Bladder 50 / 50 75 / 25 - 
Femur 25 / 20 65 / 0 - 
Unspecified tissue 50 / 20  - 
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III. RESULTS 

Initially, the pseudo-Pareto study was performed. For 
purpose of clarity, in figure 1 only the bladder and PTV are 
displayed, in figure 2 rectum and PTV. Both illustrate the 
dependence of the dose homogeneity in the PTV from a. A 
small negative value of a, like -8, results in a comparatively 
inhomogeneous dose distribution with hot and cold spots 
and an H of 0.27. With the negative values getting larger, 
the homogeneity H improves and reaches 0.24 for an a of    
-24 and finally 0.23 for a below -24. On the other hand it 
appears that a steeper dose gradient in the target leads to a 
higher dose in the other regions of interest. In the bladder, 
the V70 increases from 25.7% for a=-8 to 31.8% for a=-50, 
in the rectum it increases from 17.2% to 29.9%. 

In figure 3, the ratios of D95 in the PTV and V70 in blad-
der and rectum were plotted for the six different values of a. 
A Pareto-efficient frontier as described in [13] was observed 
for gEUD parameters in the range of -16 to -32. For values 
from -32 to -50, the underdosage in the PTV does not im-
prove significantly. Sparing of bladder and rectum on the 
other hand gets better with lower values of the gEUD pa-
rameter. Thus a value of -24 for a was considered to give 
the best compromise and is used in further comparisons and 
also in the hybrid plan. 

The physical optimized plan and the 'best' plan of the 
‘pseudo’ Pareto study are compared in figure 4. Bladder and 
rectum receive considerably less dose in gEUD-based plan. 
The V70 in the bladder decreases from 45.6% in the physical 
optimization to 29.4% in the biological optimization. In the 
rectum, it decreases from 31.4% to 25.0%. But the target 

homogeneity is noticeably worse in the gEUD-based plan 
with 0.24 compared to 0.12 for the conventional plan. 

The situation is different when the hybrid plan is exam-
ined (figure 5). The homogeneity in the target is 0.13 which 
is only slightly worse than the physical plan. With V70 val-
ues of 38.8% respectively 25.2% the sparing of bladder and 
rectum is not quite as good as with the purely biological OF, 
but still considerably better than in the physical optimized 
plan. 

 

Fig. 3 Target coverage D95 versus V70 for rectum (squares) and bladder 
(diamonds), the numbers above and below the data points denote the used 

value for the gEUD parameter a 

 

Fig. 4 Physical OF (solid line) and gEUD-based OF (dotted line) 

 

Fig. 5 Physical OF (solid line) and hybrid OF (dashed line) 
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IV. DISCUSSION 

The pseudo-Pareto study showed that the sparing of blad-
der and rectum depends strongly on the gEUD parameter a 
in the PTV. The advantage of biological optimization for 
the OARs is reduced when higher values for a are used. The 
homogeneity in the target on the other hand improves only a 
bit when a is increased from -32 to -50. Although the plans 
were evaluated from a conventional dose-based point-of-
view, the 'best' value was found to be -24. That is consistent 
with Søvik et al. [4] who found the same value by analysis 
of clinical data. 

When compared to a plan with dose-volume objectives, 
the positive as well as negative characteristics of gEUD-
based optimization become apparent. Whereas sparing of 
OARs was better with gEUD, the PTV suffers from hot and 
cold spots. That behavior was expected and has been dis-
cussed previously for example by Hartmann et al. [11] and 
by Wu et al. [14, 15]. 

This disadvantage can be avoided with the hybrid OF. 
The physical objectives for the target ensure that a high 
homogeneity is achieved. The amount of dose delivered to 
the OARs is considerably smaller than in the conventional 
plan, although not quite on the same low level as in the 
purely biological optimization. 

V. CONCLUSIONS 

The major problem when using gEUD-based planning is 
the lack of homogeneity in the target. This can be overcome 
when a hybrid function is used. The clinically desired 
steepness of the dose gradient in the PTV can be achieved 
and at the same time the OARs benefit from the usage of the 
biological objectives. 
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Abstract— The software treatment planning for particles 
(TRiP) was extended by the functionality to calculate the clini-
cally relevant RBE-weighted dose for scanned ion beams in the 
presence of motion. Calculations are based on 4D-CT and 
deformable registration. The underlying biological model is 
the local effect model. To validate the dose calculation algo-
rithm experimentally a dedicated motion phantom for biologi-
cal dosimetry was developed. In-vitro cell survival measure-
ments were performed with a target dose of 9 Gy (RBE). The 
mean dose difference between the calculation and the meas-
urement and its standard deviation was obtained to be 
155±400  mGy (RBE). This validates the calculation within the 
measurement error of 519 mGy (RBE). 

Keywords— scanned ion therapy, 4D dose calculation, target 
motion, biological dosimetry. 

I. INTRODUCTION  

At GSI Helmholtz Center for Heavy Ion Research, the 
rasterscan method is used to deliver carbon ion pencil 
beams to generate highly conformal dose distributions [1]. 
The tumor volume is divided into iso-energy slices and 
within each slice a regular grid of raster points is irradiated 
serially. For patient treatments, the particle numbers of the 
several thousand raster points are modulated to generate a 
homogeneous RBE-weighted dose distribution.  In this 
contribution, we use the term “RBE-weighted dose” with 
the unit “Gy (RBE)” as proposed in [2] rather than the terms 
“biologically effective dose” or “photon equivalent dose”. It 
describes the amount of photon dose that is required to 
achieve the same biological effect (cell survival) in a single 
fraction. Within our treatment planning software TRiP [3] 
the RBE is calculated for each CT-voxel based on the local 
effect model (LEM)[4]. It accounts for the biological impact 
of particle type, number, and energy that contribute to the 
mixed particle field at each voxel. 

For intra-fractionally moving targets, beam scanning 
leads to dose deterioration due to interplay [5,6]. Thus, 
additional margins to account for the motion as they are 
used in conventional radiotherapy are not sufficient to de-
liver a homogeneous dose distribution to the target volume. 
Therefore several motion mitigation techniques such as 

rescanning [5], gating [7] or beam tracking [8] are currently 
under investigation. As a prerequisite to the investigation 
and to the use of these techniques for scanned particle 
beams, the treatment planning software has to be extended 
to incorporate motion effects. Recently, 4D treatment plan-
ning functionalities were incorporated in TRiP with respect 
to the absorbed dose [9]. A linear dependence of dose and 
the particle numbers is required.  

This contribution introduces an algorithm to calculate 
cell survival and the RBE-weighted dose in the presence of 
motion taking the non-linear dependencies on the particle 
numbers into account. Additionally, we describe the devel-
opment of a motion phantom for biological dosimetry. It 
was used to experimentally validate the new dose calcula-
tion algorithm with in-vitro cell survival measurements. 

II. MATERIALS AND METHODS 

A. Calculation of the RBE-weighted dose in the presence of 
motion 

Dose calculations in the presence of motion are based on 
4D-CT data. The motion is divided into a discrete number 
of states that correspond to the phases of the 4D-CT.  

 

Fig. 1 Calculation scheme for the RBE-weighted dose in the presence of 
motion. See text for details. 
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For each state sub-treatment plans are generated that con-
tain all raster points that were irradiated during the corre-
sponding motion phase. The dose calculation is then per-
formed within the reference phase of the 4D-CT as 
indicated in figure 1. The aim is to determine the mixed 
particle field that is generated in each voxel during the irra-
diation. The voxel’s position is transformed to each other 
phase using deformable registration:  i

k
T

k XX
i

Within each phase, the following parameters are stored 
that determine the contribution of the raster point n to the 
mixed irradiation field: 

 Initial energy nE , width n  and particle number in  
of the beam  

N

 Radial distance inkr  between the voxel’s position and 
the central axis of the beam considering possible adap-
tations of the raster point’s position  

 Effective depth inkz of the voxel relative to the beam 
considering possible adaptations of the radiological 
depth of the beam 

From these contributions the mixed irradiation field, i.e. 
the particle and energy spectra at voxel k can be calculated. 
The biological effect of a mixed irradiation field is de-
scribed by [10]. The required input data for calculation of 
the biological effect of the different components in the irra-
diation field derived according to the local effect model [4]. 

The calculation scheme is capable of computing cell sur-
vival as well as the RBE-weighted dose. Furthermore it is 
suitable for any other detector that has a nonlinear dose 
dependency, e.g. films or TLDs. 

B. Biological dosimetry 

A motion phantom was developed to measure cell sur-
vival spatially resolved in the presence of motion. Cells are 
grown in NUNC F96 MicroWell™ plates as shown in fig-
ure 2.  

 

Fig. 2 MicroWell plate (left) and container (right) in beam’s eye view. 
Each well provides the possibility to measure cell survival independently. 

The plates provide a regular grid of 12x8 wells with a 
well diameter of 7 mm and a distance of 9 mm between the 
centers of the wells.  

A container was built that allows inserting two plates in 
upright position. After insertion the container is filled with 
medium and tightly closed to provide sterile conditions. The 
container is e.g. placed on a motion table that sinusoidally 
moves in one dimension. The table provides motion ampli-
tudes between 1-40 mm and motion periods between 2.5-
6.5 s. 

C. Experimental setup 

A treatment plan was optimized for a stationary setup. 
The target was a cubic volume of 28x45x23 mm3. Dose was 
then delivered to a moving setup. With its characteristic 
interplay patterns, this irradiation scheme offered a good 
test of the dose calculation algorithm. The algorithm was 
considered to be correct if it is capable to model the beam 
delivery in the presence of motion correctly. 

The experimental setup is shown in figure 3. The con-
tainer with the cell samples was placed on the motion table 
that moved perpendicular to the beam. A stationary ramp 
shaped bolus introduced changes of the radiological depth 
as the container was moving. Motion was detected by a 
camera and stored in temporal correlation with the beam 
delivery. 

Two irradiations were performed with different initial 
settings. For the first experiment the peak-to-peak amplitude 
was 40 mm and 20 mm for the second experiment, to obtain 
different interplay patterns. The motion period was set to 
3.9 s in both cases. 

 

Fig. 3 Top view of the experimental setup. The motion was detected by a 
camera and the trajectory stored on a PC. Signals from the beam extraction 
(“Beam off/on” and “Next raster point”) were sent by the control system 
and stored in real time computer system. Additionally, the signals “Beam 
off/on” were sent to the PC to establish a temporal correlation between 
beam extraction and motion trajectory. 
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Dose calculations were based on the local effect model in 
its latest formulation including additional effects due to 
clustered DNA damage and a modified track structure [11]. 

The cells were grown at standard conditions as described 
for example in [12]. Cells were grown in all well positions. 
Three containers were used, each container with one well-
plate. One container served as a non-irradiated control. 

Shortly before the irradiation, the wellplates were in-
serted into the containers. Immediately after irradiation, cell 
survival was calculated based on the measured motion tra-
jectory and the beam delivery pattern. From the calculated 
dose distribution 9 and 10 well positions were selected for 
cell processing for irradiation 1 and 2 respectively. Six 
samples from the unirradiated control were processed. Due 
to the time consuming cell processing procedure and limited 
incubator space the maximum number was set to 25 sam-
ples for cell processing. Selection criterion was a locally 
homogeneous dose distribution within the area of the well. 

 

Fig. 4 Experimental results. Calculated 2D-distribution and profiles of the 
cell survival after irradiation in the presence of motion. Position and result 
of the measured cell survival are indicated by the circles and their filling 
within the 2D-distribution (upper panel). The enumerated profiles show the 
measurement points and their error bars as well as the calculated cell 
survival levels. The peak-to-peak amplitude for this experiment was 
40 mm. 

D. Cell analysis 

Calculated cell survival was compared to measured cell 
survival. Error bars denote the standard deviation of the 
measurements. Survival and its error were converted into 
the RBE-weighted dose. The mean dose error D  of all 
measurement points was computed. The difference 

D=Dmeas-Dcalc between measured and calculated RBE-
weighted dose was determined for each measurement point. 
Mean D  and standard deviation  of the dose differ-
ences were calculated for the experiments separately and for 
both experiments combined. 

D

III. RESULTS 

Figures 4 and 5 show the calculated survival and the 
measured survival. The 2D-survival distribution gives an 
overview of the calculated survival and the position as well 
as the results of the wells that were selected for survival 
measurements. The profiles indicate the measured results 
and their errors. Table 1 lists the results of the statistical 
analysis. The mean dose difference D  is in both cases 
smaller than the mean dose error D . The standard devia-
tion  is in the range of the mean dose error. D

Table 1 Statistical analysis of the experimental results. Negative dose 
differences indicate that the calculation exceeds the measurement. The 
target dose was 9 Gy (RBE). 

Experiment Mean dose error D  
[mGy (RBE)] 

Mean dose difference ± 
standard deviation 

D  ±  D

[mGy (RBE)] 
1 579 -298 ± 500 
2 460 -12 ± 414 

Total 519 -155 ± 400 

IV. DISCUSSION 

The algorithm to calculate cell survival and the RBE-
weighted dose is based on 4D-CT and deformable registra-
tion. It based on the division of the delivered beams into 
sub-treatment plans that contain all raster points that were 
irradiated during the corresponding motion phase. The new 
algorithm allows for incorporation of non-linear dose de-
pendencies of the biological effect. It uses the full particle- 
and energy spectra that are generated during the irradiation. 
The algorithm is suitable to investigate motion mitigation 
techniques like rescanning, gating, or beam tracking includ-
ing biological effects of charged particles. 
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Fig. 5 Results of the second experiment. The peak-to-peak amplitude for 
this experiment was 20 mm. 

Cell survival and the RBE-weighted dose were success-
fully calculated immediately after the experiments. The 
calculated distributions of the RBE-weighted dose agree 
well with the measurements within the precision of the 
measurements. The variations are smaller or equal to previ-
ously reported variations for biological dosimetry [12]. The 
calculated dose exceeds the measured dose by 
155±400 mGy (RBE). This corresponds to a difference of 
2±4.5 % relative to the target dose of 9 Gy (RBE). The 
differences can be attributed to uncertainties of the experi-
mental setup, i.e. motion measurements and phantom setup.  

V. CONCLUSION 

A new algorithm to calculate cell survival and the RBE-
weighted dose in the presence of motion was presented in 
this contribution. A motion phantom for biological do-
simetry was developed that allows for in-vitro measure-
ments. The phantom was used in two experiments where the 

scanned ion beams were delivered to a moving target with-
out adaptation of the beam position. The calculations repro-
duced the resulting characteristic interplay patterns correctly 
for high as well as low doses within the typical precision of 
cell survival measurements. 
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Abstract — Intensity modulated radiation therapy is 
today performed with such a conformity to the internal 
target volume in the patient that even a small misalign-
ment between the incident beams and the target can 
dramatically reduce the effectiveness of the treatment. 
Consequently, there is a need for a measure that could 
quantify the accuracy of a delivered treatment in terms 
of expected clinical outcome. To evaluate such a meas-
ure, a cervix cancer was selected as the tumor site on the 
grounds that the involved organs at risk, mainly the 
bladder and the rectum, are very close to the tumor and 
partly located inside the internal target volume. In this 
work, a solid phantom simulating the pelvic anatomy 
was fabricated. A treatment plan delivering an IMRT 
dose distribution was designed using the anatomy of the 
phantom. The phantom, with a film positioned into it, 
was irradiated. The dose distribution delivered was de-
rived from the film and compared with the one of the 
treatment plan. The expected complications for the deli-
vered therapy are higher for the bladder (3.0%), lower 
for the rectum (-7.4%) and unchanged for the small 
bowel with an overall risk, PI deviation of -4.4%. For the 
target volumes involved, the gross tumor control is a 
little lower (-0.9%), but significant for the the control 
probability for the lymph nodes and the ITV (-10.8% 
and -11.3%, respectively). It is shown, that the physical 
comparison between the planned and delivered dose 
distributions do not generally express their real differ-
ence in treatment effectiveness. It is demonstrated how 
small inaccuracies in dose delivery can considerably 
deteriorate a IMRT treatment plan. The clinicians need 
to know how much the expected complication and con-
trol rates will increase and decrease respectively because 
of uncertainties in dose delivery. In IMRT delivery, the 
reliability of the patient setup procedure becomes criti-
cal for the effectiveness of the treatment.   

 

Keywords— Complication-free cure, Radiobiological objec-
tives, Treatment verification, IMRT, Setup uncer-
tainties. 

I. INTRODUCTION  

Intensity modulated radiation therapy (IMRT) has be-
come an integral part of the clinical routine in modern radia-
tion therapy centers. Its main characteristic is the production 
of highly conformal dose distributions, which deliver high 
doses to internal target volume (ITV) while sparing the 
involved organs at risk (OAR) through steep dose fall-offs 
at the borders of the target. Treatment techniques imple-
menting IMRT delivery, mainly utilize modulation with 
dynamic or step and shoot multileaf collimators (MLC). 
Due to the high complexity of the dose distributions pro-
duced by the inverse treatment planning algorithms and the 
complicated delivery associated with these techniques, an 
equivalently good quality-assurance procedure is extremely 
important. Therefore, dose verification of IMRT in three 
dimensions with a high spatial resolution is highly desira-
ble. For this reason, 3-dimensional (3D) dosimeters and 
irradiation phantoms have become a very helpful accessory 
in the clinical routine of IMRT. To achieve a realistic dose 
verification, a dosimetry phantom having physical and 
geometrical properties similar to those in the patient situa-
tion is required. 

In this work, the accuracy of treatment plan delivery was 
assessed using both physical and biological measures. The 
radiobiological procedure applied here, estimated the effec-
tiveness of radiation therapy by calculating the probability 
of achieving complication-free tumor control based on 
knowledge about the dose-response relations of tumors and 
surrounding normal tissues. It is shown that this radiobio-
logical evaluation can also be used for quality assurance of 
radiation therapy, providing the clinicians with a measure of 
the accuracy of the applied techniques in terms of clinical 
outcome, which is more clinically relevant. 

II. MATERIAL AND METHODS 

The clinical case chosen for this study is a cervix cancer. 
The involved organs at risk (OAR) consisted of the small 
bowel (SB), the bladder (B) and the rectum (R). The clinical 
target volume (CTV) consisted of the gross tumor volume 
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(GTV) and the locally involved lymph nodes (LN). The 
concept of internal target volume (ITV) was used instead of 
the planning target volume (PTV), because in this study the 
verification of the treatment delivery, is partly examined in 
conjunction with the impact of the setup uncertainties.  

A phantom, consisting of identical slabs each of which 
was made of leaves of unit density ‘masonite’, 20 cm x 35 
cm and 3 mm in thickness was constructed for the purpose 
of the study. All structures together with the ITV were deli-
neated on the surface of each slab of the phantom. The ir-
radiation setup is shown in Fig. 1. The film was placed 
between the wooden slabs, which were held together by 
rubber bands to achieve a firm setup for irradiation.  

 

 
Fig. 1 The phantom with the cross-sectional film on the treatment table. A 
pelvic phantom of unit density material ‘masonite’ was constructed in 
identical pieces. The identical slabs of the phantom, with the Kodak X-
Omat V films between them, were squeezed together by rubber bands to 
accomplish a stable setup for its irradiation [1]. 

 
The general criteria that were used as initial constrains by 

the optimization algorithm to find a suitable treatment con-
figuration were:  
a. The dose at any point of the ITV must be higher than 

60 Gy. Preferably, higher doses (70 to 80 Gy) should be 
given to the GTV and lower doses (60 to 70 Gy) should 
be delivered to the lymph nodes. 

b. The dose to the small bowel should not be higher than 
50 Gy. 

c. The dose at the center of the bladder should not be 
higher than 40 Gy.  

d. The dose at the center of the rectum should not be 
higher than 50 Gy.  

The ’KODAK X-OMAT V’ verification film was chosen 
for irradiation since it is so “slow” that a therapeutic dose of 
about 2 Gy produces a readable optical density of about 3, 

which was adequate for the verification procedure that was 
applied (the maximum dose given was less than 2 Gy).  
 The values of the depth - optical density curve are the 
optical densities that are measured in every depth of the 
film. The corresponding depth-dose curve was measured 
with an ion-chamber in water. Both the curves of optical 
density and dose were normalized to their maximum values 
and were extrapolated to larger depths. This extrapolation is 
valid since the corresponding optical densities are in the 
linear part of the film response curve. By comparing these 
sets of values for all the depths, a conversion table was 
constructed. Applying this conversion table to the optical 
density values, a conversion from optical density to ab-
sorbed dose was possible. The fit of the produced conver-
sion table was tested, by applying it to the calibration strip. 
The conversion table was subsequently applied to the plan-
ning film in order to extract from it the delivered dose dis-
tribution.  
 The dose distribution delivered was analyzed based on 
the film measurements and compared against the treatment 
plan dose distribution. The differences in the measurements 
were evaluated using both physical and biological criteria, 
such as the response probabilities of the different targets 
and normal tissues. To evaluate the effectiveness of the 

treatment plan, the concepts of P  and D  were used [2]. 

The first one is a well known and recognized scalar quanti-
ty, which expresses the probability of achieving tumor con-
trol without causing severe damage to normal tissues. The 
probability of getting benefit from a treatment (tumor con-
trol) is denoted by  (B denotes benefit), whereas the 

probability for causing severe injury to normal tissues by  

(I denotes injury). The biologically effective uniform dose, 

BP

IP

D , which was introduced by Mavroidis et al. [2] is defined 
as the dose that causes the same tumor control or normal 
tissue complication probability as the real dose distribution 
on a complex patient-case. The above indices use the dose-
response parameters of the involved targets and normal 
tissues. D50 is the 50% response dose,  is the maximum 
normalized dose-response gradient and s is the relative 
seriality, which characterizes the structural organization of 
the organ (Table 1). 

Table 1. The radiobiological parameters that describe the dose-response 
relations of the targets and normal tissues involved in the clinical case. 

Organs at risk D50  s 
Small bowel 60.0 2.1 0.14 
Bladder 80.0 3.0 0.3 
Rectum 75.0 2.5 0.7 
Targets    
Cervix I-IIIA 80.0 4.0 — 
Lymph Nodes 55.0 3.0 — 
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III. RESULTS  

The inverse treatment planning was performed by a locally 
developed code, which optimizes the dose distribution using 
a radiobiological objective function based on tissue re-
sponse. A 50MV racetrack beam was used in a five field 
technique (directions: 0 , 90 , 120 , 240  and 270 ) using 
four multileaf collimator segments per direction. In the 
upper graphs of Fig. 2, the dose distributions of the planned 
and the irradiated films are shown.  
 For the computerized treatment plan, the maximum 
value of  achieved was 84.1%, for a mean dose to the 

ITV of 
+P

93.3GyD , associated relative standard deviation 

16.8%D D  and biologically effective uniform dose, 

ITVD  of 89.2 Gy. The results of this dose distribution are 
presented in Fig. 2. It can be seen that all the dose prescrip-
tion criteria are satisfied. The total control probability is 
high ( ), but the expected complications are also 

fairly high ( ). Complications are mainly expected 

from the rectum ( ), since this is a radiosensitive 

tissue with high relative seriality and partly located inside 
the ITV. Some dose heterogeneity observed within the gross 
tumor and the relatively high dose to parts of the organs at 
risk, reduce partly the benefit of the high dose gradients 
proximal to the ITV. 

B 93.2%P

I 9.1%P

I,RP 8.5%

Table 2. The deviations of the quantities D , P and D  between the 
planned and delivered dose distributions for the different targets and 
normal tissues involved in the clinical case. The quality change of the 
treatment plan is also given in terms of P+ . 

Organs at Risk (Gy)D  P (%) (Gy)D  

Small Bowel 4.2 0 0 

Bladder 7.2 3.0 3.2 

Rectum 2.1 -7.4 -4.6 

 PI = -4.4% 

Cervix tumor I-IIIA 2.5 -0.9 -2.8 

Lymph nodes -2.7 -10.8 -6.2 

ITV -0.1 -11.3 -5.7 

 P+ = -7.1% 

 
For the delivered treatment plan, the value of  was 

77.0% for 

+P

ITV 93.2GyD , 19.0%D D  and ITVD  of 
83.5 Gy. The results of this dose distribution are presented 
in Fig. 2. It can be observed that the values of the dosimetric 
quantities ( D , D D , , ) are relatively close to 
those of the planned dose distribution, satisfying still the 
prescribed dose criteria. In this case, the bladder has become 

the dose limiting normal tissue ( ) because of the 

higher mean dose that it receives. The overall expected 
complications are significantly lower ( ), since the 

rectum is irradiated less ( ). However, this is 

done at the expense of the total control probability, which 
dropped dramatically to 81.9%, since the good conforma-
tion to the ITV was lost. 

maxD minD

I,B 3.4%P

I 4.7P
1.1%

%

I,RP
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Fig. 2  Upper diagram: The dose volume histograms of the planned (solid 
line) and delivered (dashed line) dose distributions for the whole body are 

presented. Their maximum  and +P D  values are also provided to show 

that only the physical information does not depict their effectiveness at a 
clinical level. Middle diagram: Dose volume histograms of the targets and 
organs at risk as they were extracted from the planned and delivered dose 
distributions. The curves of the organs at risk are well separated from the 
ones of the targets, meaning that normal tissues are spared well and this 
technique provides a good conformation. Contrary to the upper diagram, a 
significant deviation is observed between the planned and delivered  dose 
distributions (mainly to the normal tissues). Lower diagram: Response 
curves of the different organs are presented for the planned and delivered 
treatments. The shift of the normal tissue curves towards those of the 
targets for the delivered dose distribution (dashed lines) imply a degrada-
tion of the effectiveness of the treatment plan, which is also illustrated by 
the corresponding narrowing and decrease of the P+ curve [1]. 
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The values of D  given, are linked to the response proba-
bilities of the different tissues and represent the mean doses 
that would produce the same response as the dose distribu-
tion under consideration [2]. The main characteristics of the 
dose distribution, presented for the planned treatment, are 
also presented here. The 50% isodose line almost covers the 
ITV and the 70% the GT.  The mean doses to the organs at 
risk are (34.6-47.1 Gy) whereas the mean doses to the tar-
gets are (80.2-106.1 Gy). In the middle diagram of Figure 2, 
showing the dose volume histograms of the different or-
gans, it can be seen that the curves of the organs at risk are 
still well separated from the ones of the targets. 
 As expected, the effectiveness of the delivered dose 
distribution is lower than that of the planned by 7.1% 
( ), which is associated with a difference in the + 7.1%P

ITVD  of -5.7 Gy). The mean doses delivered to the organs at 
risk are higher (by 4.2, 7.2 and 2.1 Gy to the small bowel, 
bladder and rectum respectively). The expected complica-
tions for the delivered therapy are higher for the bladder 
(3.0%), lower for the rectum (-7.4%) and unchanged for the 
small bowel with an overall risk,  deviation of -4.4% 
(Table 2). For the target volumes involved, the gross tumor 
control is a little lower (-0.9%) such as the control probabil-
ity of the lymph nodes and the whole ITV (-10.8% and -
11.3% respectively). Since the delivered dose distribution is 
different than the intended one, the dose prescription that 
maximizes  is also different (

IP

+P ITV 98GyD ). Consequent-
ly, the above mentioned differences would be smaller 

( ) if an overall comparison of the two dose 

distributions was to be examined.  
+̂P 4.7%

IV. CONCLUSIONS  

Using IMRT, it is possible to deliver very conformal 
treatment plans that were not possible a few years ago. 
When irradiation techniques of high conformity are em-
ployed, the dose distribution is so well matched with the 
radiosensitivity map of the clinical case, that a small misa-
lignment in the setup can significantly reduce the effective-
ness of the therapy [3]. The quality of radiation therapy 
offered does not only depend on the conformity of the 
treatment technique applied, but also on the quality of the 
supporting services. A good treatment verification proce-
dure is needed to estimate the ability of delivering such high 
conformity dose distributions since a more precise and ac-
curate setup process is required for applying more confor-

mal treatment techniques. If a reliable positioning procedure 
is not available a less conformal technique could be more 
effective and trustworthy.  

Verification of IMRT delivery using only physical quan-
tities does not give to the clinicians any input about the 
impact of the various uncertainties on the clinical outcome. 
Such an information can be supplied only by using radi-
obiological measures to verify the accuracy of the treatment 
delivery. A radiobiological evaluation of treatment plan 
verification allows consideration of the variation in the 
radiosensitivity of the tissues involved in the clinical case. 
Consequently, deviations between planned and delivered 
dose distributions are easier identified and quantified. In the 
present analysis the presentation of the radiobiological 
evaluation together with the physical data intended to show 
their general agreement. However, the use of radiobiologi-
cal parameters is necessary if a clinically relevant quantifi-
cation of a dose distribution is needed. These parameters 
incorporate into the treatment evaluation the clinical infor-
mation that is associated with the expression of a final out-
come. In this way, the inaccuracies in treatment plan deli-
very may be interpreted in rates of tumor control reduction 
and increase of normal tissue complication respectively, 
which indicate the degradation of the treatment plan effec-
tiveness. These radiobiological measures are more relevant 
and useful clinically.  
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Abstract—In carbon ion radiotherapy treatment planning it 
is necessary to convert CT values in Hounsfield units (HU) 
measured with a computed tomography (CT) system into  
a water-equivalent path length. Therefore it is essential that 
the CT values are exactly known along the carbon ion beam  
paths.  

If the CT data acquisition is done with a flat-detector com-
puted tomography (FD-CT) system it frequently happens that 
the object diameter is larger than the scan field of view 
(SFOV). I.e. truncation is given and the CT reconstructions 
will yield image artifacts as projections do not contain infor-
mation about the whole object. 

We developed a new truncation correction algorithm to 
provide an extended field of view (EFOV) which is larger than 
the SFOV and covers the whole patient in transaxial direction. 
Due to this EFOV it is possible to improve carbon ion radio-
therapy treatment planning based on FD-CT data. 

The aim of this work was to determine the effect of an effi-
cient truncation correction in FD-CT on carbon ion range 
accuracy. First, we describe the detruncation method to pro-
vide an extended FOV. Second, we do a calibration to convert 
CT values acquired with the FD-CT system into carbon ion 
water-equivalent path lengths. Finally, we calculate and com-
pare the relative path lengths from original truncated 
FD-CT data, truncation-corrected FD-CT data and conven-
tional CT data (non-truncated).  

Keywords—Flat-detector CT (FD-CT), Carbon ion radio-
therapy, Detruncation, Treatment planning, Image quality. 

I. INTRODUCTION  

The application of flat-detector computed tomography 
(FD-CT) in radiotherapy treatment planning suffers among 
other things on the restricted field of view (FOV) in trans-
axial direction. The size of the FOV is limited by the size of 
the x-ray flat-detector to about Ø 240 mm for standard cir-
cular scans. If the patient volume exceeds the detector in 
lateral direction it leads to data truncation and causes non-
linear image artifacts in the reconstructed CT images [1], so 
called truncation artifacts.  

These truncation artifacts affect the CT values inside the 
FOV and suppress anatomic information outside the FOV. 
Then in treatment planning, the conversion of CT values to 
carbon ion water-equivalent path lengths by a calibration 

curve [2, 3] will result in wrong path lengths and erroneous 
carbon ion ranges.  

One method to extend the FOV and avoid CT value inac-
curacies is to employ a truncation correction algorithm 
[4, 5] which extrapolates the truncated projections and leads 
the attenuation values through a decreasing function to zero.  

In this work we will determine the effect of our new 
truncation correction algorithm for an extended field of 
view (EFOV) reconstruction on carbon ion range accuracy. 

II. MATERIALS AND METHODS 

A. Truncation Correction 

Estimation of object dimensions: With the measured at-
tenuation values q(u, v) we calculate mean attenuation 
curves qmean(u) of several detector columns v. Through a 
least squares minimization method an ellipse is fitted [6] to 
each mean attenuation curve (1). From this equation it  
follows with 2ru the size and 2rq the attenuation of the ellip-
tical cylinder as well as uc the shift of the elliptical cylinder 
from the center of the detector in u-direction. 

22
( ) 1c mean

u q

u u q u
r r

⎛ ⎞⎛ ⎞− + =⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
 (1) 

Because the attenuation profile of a real patient is not  
exactly an ellipse, we match ru and rq with a database.  
This was generated from polychromatic simulated elliptical 
water cylinders with different semi-axes. So the  
water-equivalent thickness rx is calculated by a bilinear 
interpolation of the four nearest datasets to ru and rq. This 
determination of rx and uc is performed in several projec-
tions. After interpolation and average filtering we get a 
smooth object profile. 

Extrapolation of truncated projections: For the extrapo-
lation there are three assumptions. First the extrapolation 
function is part of an ellipse, second the transition from 
original data to extrapolated data is smooth and third the 
extrapolated data will be zero at the estimated object width. 
Therefore we define different positions on the extended 
detector (see figure 1). 
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Fig. 1 Extrapolation of a truncated projection 

mA = Low object edge on the extended detector = Mext/2 – rLo 

mB = Start of low transition region = Start of original projection = mshift 

mC = Center of low transition region = mshift + d/2 
mD = End of low transition region = mshift + d 
mE = Start of high transition region = mshift + Mori – d 
mF = Center of high transition region = mshift + Mori – d/2 
mG = End of high transition region = End of ori. projection = mshift + Mori 
mH = High object edge on the extended detector = Mext/2 + rHi. 

For a smooth transition from original data to extrapolated 
data we calculate the mean attenuations qLo and  qHi as well 
as the first derivatives q´Lo and q´Hi of the two transition 
regions and use this in the elliptical extrapolation (2). 
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Moreover, we define a weighting function (3) in the transi-
tion region to get a smooth profile. 
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(3) 

Now we calculate the extended attenuation profile by 
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(4) 

B. Carbon Ion Water-Equivalent Path Length 

Calibration: In Schneider et al [3] a stoichiometric cali-
bration is described for obtaining the relationship between 
CT values and water-equivalent path lengths of charged 

particles. We used this method to calibrate our CT systems. 
At first, we scanned a calibration phantom with some tissue 
substitutes of known chemical composition and physical 
density. Then we calculated for various tissues, described in 
table 4 by Schneider et al [3], the CT values and the corre-
sponding water-equivalent path lengths to obtain a calibra-
tion curve. 

Calculation: With the calibration curve we calculate car-
bon ion relative path lengths for truncated and truncation-
corrected FD-CT datasets. We have chosen three beam 
paths in lateral, posterior-anterior and 45° direction. The 
beam is assumed to be a Gaussian shaped carbon ion pencil 
beam with an energy of 388 MeV/u and a focus of 2.3 mm 
at full width half maximum (FWHM) [2]. Therefore CT 
values are calculated, transformed to water-equivalent path 
lengths and summed up along the corresponding beam 
paths. Then in the center of the CT volume the relative path 
lengths of the different datasets are compared. 

C. Phantom and Measurements 

Phantom: For measurement a Rando-Alderson phantom 
was used that represents an average sized patient, from 
which we measured hip datasets with the CT systems. 

Standard FD-CT data: The data was acquired with the 
robot-driven C-arm system Artis Zeego (Siemens AG, 
Healthcare Sector, Erlangen, Germany) in a standard 360°-
scan. There nearly all projections are truncated because the 
phantom diameter exceeded the FOV of Ø 240 mm.  

Large Volume FD-CT data: With the Artis Zeego we ac-
quired and reconstructed also data in a special Large Vol-
ume scan mode (LV-scan) which consists of two shifted 
about 220°-scans and a FOV of Ø 410 mm. This case is not 
handled and shown in this abstract but will be presented in 
the conference. 

Conventional CT data: For comparison CT data was ac-
quired and reconstructed with SOMATOM Definition (Sie-
mens AG, Healthcare Sector, Erlangen, Germany). There no 
data truncation exists due to the FOV of Ø 500 mm. 

III. RESULTS 

A. Truncation Correction 

If we apply the truncation correction which estimates the 
object dimensions we can appropriately extrapolate the 
truncated projections (see figure 1). After the reconstruction 
we can provide an extended field of view (EFOV) of 
Ø 400 mm (for this special case, diameter depending on 
object size) which is larger than the scan field of view 
(SFOV) of Ø 240 mm (see figure 2). The accuracy of the 
CT values inside and outside the FOV is improved.  
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SFOV = 240 mm
(a) (b) (c)

EFOV = 400 mm

SFOV = 240 mm SFOV = 240 mm

 

Fig. 2 Comparison of truncation correction methods (C 0, W 1000): (a) uncorrected SFOV, (b) corrected SFOV with conventional truncation correction and 
(c) corrected EFOV with novel truncation correction described in this paper 

B. Carbon Ion Water-Equivalent Path Length  

Calibration: In the calibration we calculated carbon ion 
water-equivalent path lengths and the corresponding CT 
values. Through a plot of these data points an appropriate 
calibration curve for the FD-CT data could be fitted (see 
figure 3). We have chosen three linear fits for different 
tissue categories: lung tissues (-1000 HU < CT value 
< -100 HU), organ tissues (80 HU < CT value < 130 HU) 
and bone tissues (CT value > 130 HU). Moreover, the lung 
and the organ fit is linear connected with the fat data point 
(CT value = -27 HU).  

Calculation: The datasets which was used for the calcu-
lation and comparison of water-equivalent path lengths are 
shown in figure 4. Therefore the truncated FD-CT dataset 
(see figure 4 (a)) was corrected (see figure 4 (b)) through 
the truncation correction algorithm described in this paper. 
As preliminary results we can reduce the carbon ion range 
inaccuracy from more than 40 % without truncation correc-
tion to less than 10 % with our truncation correction. 
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Fig. 3 Relationship between CT values in Hounsfield units (HU) and 
carbon ion relative water-equivalent path length for FD-CT. The stars are 
calculations in the stoichiometric calibration and the solid line shows the 
fitted calibration curve 
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Fig. 4 Volumes for relative path length calculations (C 0, W 1000): (a) uncorrected truncated FD-CT data (EFOV), (b) truncation-corrected FD-
CT data (EFOV) and (c) CT data (non-truncated). 

IV. SUMMARY AND OUTLOOK 

In order to provide an extended FOV and to improve the 
possibility of radiotherapy treatment planning from flat-
detector CT data, we developed a new truncation correction 
algorithm. This algorithm estimates the object dimensions in 
some projections and uses this information to appropriately 
extrapolate the truncated projections. Preliminary results 
showed that we can provide an extended field of view (EFOV) 
which covers the whole patient in transaxial direction and 
improves the CT value accuracy. This leads to an improved 
image quality inside and outside the SFOV and improves the 
carbon ion range accuracy. The algorithm can be used if some 
projections as well as all projections are truncated.  

In further investigation we will improve the described 
truncation correction through an advanced object size esti-
mation to yield more exact reconstruction inside and outside 
the SFOV. Moreover, a sophisticated scatter correction will 
be applied to obtain improved CT value accuracy. These 
applications will lead to higher accuracy in the carbon ion 
range calculation based on FD-CT data.  
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Reconstruction of portal images from IMRT fields for patient setup verification  
P. Haering, A. Schwahofer, C. Lang and B. Rhein 

 DKFZ, Heidelberg, Germany  

Abstract— As IMRT is based on inhomogenous fields, it is 
difficult to use portal imaging for patient position verification 
during the treatment. This work will present a method to 
calculate portal images from IMRT fields by the use of a modi-
fied maximum intensity projection algorithm (MIP) based on 
images taken by an amorphous silicon flat panel detector. 
These portal views are then taken to calculate deviations to 
digitally reconstructed radiography (DRR) derived from the 
treatment planning system. Results are shown for 5 test cases, 
whereas the success of this method is essentially depending on 
the size and location of the therapy beam. 

Keywords— Portal imaging, patient positioning, setup verifica-
tion. 

I. INTRODUCTION  

Port images are widely used to correct setup errors of the 
patient treatment position in standard radiotherapy facilities. 
In addition to that, imaging can be continued during the 
treatment allowing acquisition of additional information 
about the patient setup. Flat panel imagers deployed for this 
task, provide excellent image contrast and allow an instant 
evaluation of the images [1]. However, with IMRT in step 
and shoot mode the acquisition of these therapy images is 
difficult, as there are only small fields involved which at 
least overlap each other partially. With every single seg-
ment different numbers of monitor units will be delivered 
resulting in modulated photon fluence per beam and yields 
to intensity variations of the portal images too. To overcome 
this lack, a method is presented which is able to reconstruct 
homogenous port images from IMRT fields and an attempt 
is made to use these for patient position verification. 

II. METHOD AND MATERIALS 

 
A Siemens Artiste 6MV therapy unit was used to acquire 

portal images during an IMRT treatment. Images were 
measured by an amorphous silicon flat panel detector. The 
flat panel software is generating multi frame Dicoms con-
taining an image for each multileaf collimator (MLC) seg-
ment. These portal views were then transferred to an IDL 
software tool which is used for further processing. Fortu-
nately, the Dicomhead-file of the image series includes all 

information needed for the analysis e.g. delivered monitor 
units, gantry-, collimator- and leaf positions. To calculate 
the homogenous portal images a maximum intensity projec-
tion based algorithm is used. All MLC segments are nor-
malized to their delivered monitor units. In contrast to [2] 
then segments are searched for the maximum intensity for 
the pixel under evaluation using an enhancement factor to 
low intensity regions. Although this method wastes a lot of 
information from not used pixels smooth, contrast enhanced 
images are generated. Furthermore DRRs are taken from the 
treatment planning system for all beam directions as refer-
ence to be compared to the portal images. Before that it is 
necessary to adjust resolution, image size and image posi-
tion to be matchable. DRRs have, depending on the setup, a 
large field of view which is not given for the flatted portal 
images.  

 

 
 

Fig.1: Definition of correlation region. 

In the portal images only the treated area can be seen and 
therefore it is indispensable to adjust the area to be included 
in the automated match. In this approach, a rectangle area is 
used, which is fitted into the portal image that way that 
there is no unexposed area left (Fig.1). Then a correlation 
coefficient is calculated to express the similarity of the 
images based on their position. With this correlation coeffi-
cient it is possible to calculate a best shift vector indicating 
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a measure of the setup accuracy found. Though the IDL 
software cannot be used on the treatment console, it is diffi-
cult to correct for setup errors found in the ongoing treat-
ment session. This IDL tool is also used to display the im-
ages, allowing manual shifts, measurement of 
corresponding coordinate points and crossfading the images 
(Fig. 2 + Fig.3) 

III. RESULTS  

Up to now, portal based setup verification has been tested at 
5 patients (2 pancreas CA, 2 oropharynx 1 ACC, 7 to 9 
beams, 97 to 137 MLC segments per plan). Portal images 
have been acquired during the patient treatments using the 
flat panel detector and the correlations are done as described 
above. As expected, the portal images have a lack of soft 
tissue contrast. This results from the high energy photons 
used for imaging. Depending on the treated area and the 
gantry position no boney structure is included in the images 
making it difficult to identify the correct overlay position. 
This is especially a problem for the pancreas cases under  

 
 

Table 1 Deviations found in portal images vs. DRRs 

Case  Fields usable for 
evaluation  / of  

Mean deviation auto match based 
on  image coordinates 

Pancreas 1 9 / 6 2.5 mm 
Pancreas 2 9 / 8 2.0 mm 
Oropharynx 1 7/7 1.5 mm 
Oropharynx 2 9/7 1.5 mm 
ACC 2 9/9 2.0 mm 

 
 
evaluation, whereas for the other examples boney and 

lung structures provide enough information to do the corre-
lation (Table 1). Otherwise it could be noticed that total 
field size allegorize a limiting factor. As IMRT is not lim-
ited to large treatment volumes, for small treatment fields 
there is even less information present in the portal views 
which can be used for correlation.  

 

IV. CONCLUSIONS  

The presented method is a feasible approach to verify the 
patient setup and/or the beam positions. An advantage is of 
course that no additional dose is needed to acquire this in-
formation. The comparison to DRRs from the  

 

 
 

Fig.2: Portal view of IMRT field (top) and after  the application 
 of the low intensity enhance MIP algorithm  (bottom) 

 
treatment planning system can be used to quantify setup 

errors, whereas a correction for these errors is difficult as 
data can only be evaluated retrospectively. Disadvantageous 
is also the low soft tissue contrast making it difficult to do a 
correlation especially in absence of boney structures in 
small treatment volumes. Nevertheless 38 of the 43 treat-
ment fields could be used for an automated match, allowing 
a quantification of the patient setup error. Another approach 
could be to check the patient position applying a cone beam 
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Comparison of IMRT and photon-electron-mix technique in radiotherapy 
treatment planning of ablatio mammae  

K.Weidner1, L.Bogner1 

1 University of Regensburg, clinic and polyclinic for radiotherapy, Regensburg, Germany  
 

Abstract— Treatment plans for breast cancer treatment af-
ter ablatio mammae often suffer from severe drawbacks. A 
typical problem of the commonly applied photon-electron-mix 
technique is the junction region between the photon-fields and 
the electron-fields. In this area, the dose distribution is mostly 
heterogeneous and it is difficult to find suitable shapes for the 
photon shields and the electron applicators. Hot and cold spots 
are the result of a wrong shape. This study shows that the 
IMRT technique can be a solution for this problem. In this 
technique the junction problem can be avoided completely. By 
the use of an appropriate beam setup we are able to reduce the 
dose to the ipsilateral lung and in case of left-sided breast 
cancer the heart as well. Additionally a dose reduction to the 
dorsal parts of the thorax can be achieved, while this area 
obtains a high dose in the conventional photon-electron-mix 
technique. On the other hand IMRT applies a slightly higher 
dose to the contralateral breast compared to the conventional 
technique. 

Keywords— Ablatio mammae, IMRT, photon-electron-mix 
technique 

I. INTRODUCTION  

To achieve a homogeneous dose distribution within to 
the planning-target-volume (PTV) according to the limits of 
ICRU publication 62 [1], it is challenging in case of radio-
therapy of breast cancer after ablatio mammae. The mostly 
applied photon-electron-mix-technique [2] is useful but the 
field abutment at the junction region between the photon- 
and the electron- fields creates problems. In the depth below 
the junction area a heterogeneous dose distribution occurs 
due to the lateral dose component of the electrons and its 
overlap with the ventral photon field. The superposition of 
both fields such yields deep seated hot spots in the lateral 
thorax. If one tries to avoid these hot spots, cold spots occur 
directly below the skin of the patient. Another problem of 
this technique is to find the appropriate shape for the pho-
ton-shielding and the abutting electron applicator. Once 
having optimized this junction during treatment planning, 
the correct setup during the treatment is not guaranteed due 
to chest wall movements during breathing of the patient. 
The arrangement of the beams - photon beams from ventral 
and dorsal at the area cranial the clavicle (with a high dose 

to the upper part of the lung) and the dorsal part of the lat-
eral chest wall - leads unavoidably to high dose deposition 
dorsal the PTV in the chest wall.  

 
In this study it is investigated, if the IMRT technique 

with a special beam setup is able to improve the dose distri-
bution compared to the conventional technique.  

 
  

II. MATERIAL AND METHODS 

A. Treatment planning system 

All treatment plans are calculated with Oncentra Master-
Plan©, Vers. 3.1, SP 3. (Nucletron), with the collapsed cone 
algorithm for photons and the Monte-Carlo code for elec-
trons by using a linac Primus© (Siemens). 

B. The photon-electron- mix technique 

This technique applies one or more electron fields in ven-
tral direction to spare the lungs. The number of fields de-
pends on the variation of the thickness of the ventral thorax 
wall. Medial, where we have a thinner tissue, a field with 
lower energy, and lateral, where the tissue is thicker, a field 
with higher energy is applied. The upper field boundary is 
positioned caudal to the clavicula and extends down to the 
caudal marker of the operation field. At the areas of supra 
lymphatic and axillary lymphatic system we apply two 
photon beams: from ventral, with gantry angle 0°, one with 
an energy of 6 MV and from dorsal, with gantry angle 180°, 
one with 15 MV. To align the junction to the electron 
beams, a shielding block is placed within the ventral and 
dorsal photon fields. The field definitions are represented in 
figure 1. The prescribed dose refers to  the reference and 
normalisation point which is positioned within the axilla. 
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      Fig.1a 12 MeV electron field            Fig. 1b 18 MeV electron field    

 
 

                                 
 
                           Fig. 1c 6 MeV electron field 
 
              

     
                    

  Fig. 1d 6 MV photon field at 0°       Fig.1e 15 MV photon field at 180° 
 

C. The IMRT technique 

The IMRT technique applys 6 photon beams with an en-
ergy of 6 MV each, which are setup nearly equi-angularly 
between 315°. (e.g. in our special left-sided case beams with 
gantry angels 315°, 0°, 45°, 90°, 140°, 180°). For optimiza-
tion, we use help-structures around the trachea, the verte-
brae and dorsal close to the PTV. This technique proves 
efficient to reduce dose which is delivered to the surround-
ing healthy tissues (figure 2). 

One problem in IMRT with targets close to the skin sur-
face is that the optimizer tries to position the collimator leaf 

ends close to the PTV contour. However, in case of breast 
cancer planning there is a need to keep the aperture opened 
outside the breast or the chest wall respectively into the 
surrounding air in order to compensate for target movement 
during breathing. Therefore we shaped a help-PTV with an 
extension of 1.0 cm outside the external patient contour [3]. 
The objective’s weight for this structure at plan optimiza-
tion was taken very low, but sufficient for the leaves to 
adapt to this structure.  

Organs at risk for optimization are regarded to be the two 
lungs (with a lower maximum dose limit to the contra-
lateral lung compared to the ipsilateral lung), the contra-
lateral mamma, the heart, the spinal cord, the liver and the 
spleen. The dose-volume-objectives (DVO) and weights are 
shown in table 1. 

The IMRT plans are optimized with direct step and shoot 
optimazation and are normalized to the average of the PTV 
and evaluated by means of dose-volume-histograms (DVH).  

 

    
 
                      Fig. 2 IMRT help structures 
 

   
 
                Fig. 3a photon-electron mix technique 
 
 

   
 
                           Fig. 3b IMRT technique 
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                   Fig. 4a photon-electron-mix technique 
 

      
 

                             Fig. 4b IMRT technique 

Table 1 Dose-volume-objectives (DVO), Dose-vololume constrains (DVC) 

and their weights   

ROI DVO weight 

PTV 
Max: 52,0 Gy (DVC) 
Min: 48,0 Gy 
Uniform: 50,4 Gy 

Max:1 
Min: 5000 
Uniform: 5000 

ipsilateral lung 
Max dose Vol: 15 Gy, 
20 % 

300 

contralateral lung 
Max dose Vol: 5,0 Gy, 
10% 

300 

hard  Max: 35,0 Gy 300 

contralateral mamma Max: 10,0 Gy 5000 

spinal cord Max:10,0 Gy 500 

spleen Max: 20,0 Gy 300 

liver Max: 10,0 Gy 200 

external contour  Max. 50,4 Gy 10000 

PTV + margin Uniform: 50,4 Gy 1 

HK trachea Max: 20,0 Gy 500 

HK dorsal Max: 10,0 Gy 100 

HK below PTV Max: 30,0 Gy 300 

 
 
 
 

III. RESULTS 

 
It turned out that with the IMRT technique a more ho-

mogenous dose distribution within the PTV can be 
achieved. Moreover, the dorsal parts of the chest wall, as 
well as the top of the lung, which both suffered from high 
doses when the photon-electron-mix technique is applied, 
are well protected by IMRT. In the ipsilateral lung a lower 
average dose can be observed with IMRT. As most impor-
tant it has to be stressed that the electron-photon-junction 
problem of the conventional technique can be avoided com-
pletely by the IMRT-technique. 

In case of a left-sided treatment the heart receives more 
dose by IMRT-plan than with the electron-photon-mix 
technique, but it still does not reach at critical dose limits. 
The contra-lateral lung, the contralateral mamma, the liver 
and the spleen also receive slightly higher dose too. 

In Figure 3 and 4, the dose distributions of the two tech-
niques are represented in a cranial and a caudal axial slice 
containing the PTV. Figure 5 shows a comparison of the 
DVHs of both techniques. 
       
Fig. 5 DVH comparison for a prescribed dose of 50,4 Gy to                    
the PTV 
 

 
 
 
It demonstrates that the PTV (red line) is better covered by 
the IMRT plan (dashed line). It also illustrates a significant 
difference concerning the ipsilateral lung (pale pink line).  
The DVH evaluation is listed in table 2.  
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Table 2   DVH evaluation for 50,4 Gy at PTV 

ROI IMRT Mix technique 

PTV 
Max: 
Med: 
D5: 
D95: 

 
 
59,3 Gy 
51,1 Gy 
54,2 Gy  
42,8 Gy 
 

 
60,8 Gy 
49,8 Gy 
53,1 Gy 
34,4 Gy 

ipsi lateral lung 
Med: 
V15: 

 
12,8 Gy 
44,2 % 

 
 
20,1 Gy 
59,7 % 
 

contra lateral lung 
Med: 
V5: 

 
 
 2,7 Gy 
 2,1 % 
 

 
0,9 Gy 
13,5 % 

hard  
Med: 
V15: 

 
 
11,3 Gy 
32,3 % 
 

 
3,1 Gy 
9,1 % 

contra lateral mamma 
Med: 
V5: 

 
 
2,5 Gy 
16,7 % 
 

 
0,2 Gy 
2,1 % 

spinal cord 
Max: 

 
 
11,6 Gy 
 

 
25,8 Gy 

spleen 
Med: 
V15: 

 
 
8,8 Gy 
12,2 % 
 

 
3,2 Gy 
9,3 % 

liver 
Med: 
V5: 

 
 
4,7 Gy 
47,5 % 
 

 
0,6 Gy 
0,0 % 

 
external contour  
Med: 
 

 
 
4,8 Gy 
 

 
1,1 Gy 

 
Max: means the highest dose to the ROI; Med: the median dose; D5 / D95: 
dose delivered to 5 % / 95 % of ROI tissue; V5 / V15: volume of ROI 
tissue receiving 5 Gy / 15 Gy). 
 

IV. CONCLUSION 

 
Our investigation reveals that IMRT can be useful for ra-

diotherapy treatment of breast cancer following ablatio 
mammae. The results show that, compared to the most 
commonly applied electron-photon mix technique, the over-
all plan quality with respect to target coverage, target dose 
homogeneity and sparing of ipsilateral lung and normal 
tissue increases considerably. Sightly higher doses to the 
contra-lateral lung, the heart (in left-sided cases), the liver 
and the spleen have been found.  

From a technical point of view IMRT saves considerable 
patient setup time by avoiding the electron-photon-
junctions. On the other hand the IMRT-technique needs to 
be verified individually.  
However, one should keep in mind that individual IMRT 
treatment plans can be checked by using time-effective and 
simple methods like for example Monte-Carlo simulation. 
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Relative peripheral dose at IMRT– 
A comparison between Siemens Oncor and Artisté 
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Abstract— The aim of this work was to investigate how the 
relative peripheral dose (RPD) outside the primary treatment 
field changes in IMRT in connection with the use of either the 
82-leaf MLC or the 160-leaf MLC from Siemens. 9-beam plans 
based on the CT data set of an acrylic phantom for 6MV pho-
ton energy were calculated for the Oncor and Artisté linacs in 
such a way as to get nearly identical DVHs for the artificial 
PTV- and OARs. Horizontal and vertical dose profiles inside 
the phantom were measured using thermoluminescent detec-
tors TLD700 (rods). The measured dose values were normal-
ized to 10Gy median dose in the PTV. With increasing distance 
from the isocentre the RPD follows a slightly exponential de-
crease. On average, values for the 160MLC are 15% lower 
than those of the 82MLC up to a distance of 23.5cm from 
isocentre. This is attributed to the 2cm thicker MLC material 
which absorbes headscatter. Based on these observations it can 
be stated that the Artisté with the new MLC produces less 
peripheral dose and offers an improved treatment of patients 
with IMRT. 

Keywords— Peripheral dose (PD), IMRT, intensity modulated 
radiation therapy, secondary malignancies 

I. INTRODUCTION  

Intensity modulated radiation therapy (IMRT) has be-
come well established during the last decade and is used in 
routine at more and more radiotherapeutic facilities in addi-
tion to conventional radiation therapy (3D-CRT). The ad-
vantages such as better tumor control rates because of the 
higher doses that could be given with a better sparing out of 
the organs at risk simultaneously are clear, but there is still 
not enough knowledge about the side effects arising from 
normal tissue irradiation. Attention should be given espe-
cially to the quantification of increased scattered doses from 
the patients themselves and the linac`s head and collimation 
system because of increased monitor units applied with this 
technique. Due that reason, the volume of the patient’s body 
exposed to a low dose (Fig.1) increases too. Many authors 
[1,2,3] have determined that exposure to doses under 6Gy 
[2] correlates with a higher risk of induction of secondary 
malignancies. It is therefore necessary to compare different 
IMRT technologies offered nowadays in terms of the pe-
ripheral dose e.g. the influence 

 
 Fig. 1: Example for regions of peripheral dose and high dose 

 
of different photon energies and the comparison between 
sMLM – IMRT and helical tomotherapy. This work concen-
trates on how the new 160 leaf MLC of the Siemens Artisté 
affects the peripheral dose in sMLM – IMRT treatments in 
comparison to the 82 leaf MLC of Siemens Oncor. 

II. MATERIAL AND METHODS 

For the measurements a geometric acrylic phantom 
(30x30x60cm) consisting of two stacked cubes (Fig.2) was 
used. 

Fig. 2: Schematic experimental setup 
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In the CT image of the phantom two different sized arti-
ficial, circle shaped OAR and PTV structures (Fig. 3) were 
drawn.

 
 

Fig. 3: Structure set in the phantom cube 

The large PTV has a diameter of 15cm and the small 
PTV of 10cm. Both volumes had a length of 10cm. The 
distance between OAR and PTV was the same for both 
cases. The same CT data with the same RT structures was 
available for the RT planning system at both locations, the 
Oncor in Jena and the Artisté in Heidelberg. The RT plans 
consisting of 9 beams were generated for 6MV photon 
beams with the inverse planning system Konrad. It was 
possible to calculate plans for both machines with very 
similar DVHs normalized to a median dose of 10Gy in the 
PTW as shown in Fig. 4 so that comparability is guaranteed. 

 

Fig. 4: Comparison of the DVHs from the plans with both machines for 
both PTV structures 

 
The point dose measuremants were made with ther-

moluminescent detectors TLD700 in a special manufactured 
holder fitting to the phantom. Therefore it was possible to 
measure on the one hand at different distances along the 
inplane axis of the isocentre at a depth of 15cm (horizontal 
PD). On the other hand the PD was measured in different 
depth in a fixed distance from the isocentre (vertical PD). 

The TLD700 can measure doses in a range from several 
mGy up to several Gy. The TL-Detectors were calibrated at 
a Co60 – Unit (Philips) and analyzed with the reader Har-
shaw 5500. By irradiating the TL-Dosimeters 10 times 
under same conditions an individual variation of each TL-
Detector of ±2% could be established. Additionally there is 
a systematic error of reproducibility of ±2% from the ex-
perimental setup resulting in the total uncertainty of no 
more than ±4%. 

III. RESULTS 

The determined values for the PD are normalized to the 
median dose in the PTV and represented as relative periph-
eral dose (RPD). 

  Fig. 5: Horizontal measurement results 

Fig. 5 shows the RPDs for both Linacs Oncor and Artisté 
in different distances from the isocentre. In general the 
curves exhibit the expected slight exponential decrease with 
increasing distance. For the irradiation of both the small as 
well as the big PTV structure in the same experimental 
setup lower doses were measured at the Artisté. The charac-
teristics of the curves over the distance at 15cm to 22cm 
from the isocentre were at 83% to 88% of those measured at 
the Oncor. At greater distances the RPDs are nearly identi-
cal as the dose curves converge. The vertical RPDs them-
selves show a decreased dose near to surface and increase 
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with increasing phantom material depth due to the side 
scattered Compton electrons out of the primary field region. 

IV. CONCLUSIONS 

In terms of the RPD both Siemens machines show quali-
tatively the same behavior. But quantitatively the Artisté 
with the new 160MLC has 12% to 17% less RPD than the 
Oncor as a function of the distance from the isocentre. Be-
cause the same 6MV photon spectrum is produced in both 
machines it is assumed that the phantom-/patientscatter 
should be the same. It seems that the 1.25 times thicker 
MLC leafs at the Artisté, which are 7.5cm at the Oncor and 
9.5cm at the Artisté with otherwise nearly the same con-
struction, absorb a more of the scattered radiation arising at 
the collimation system of the primary field. 

To recheck this presumption further measurement will be 
done without a scattering cube (irradiating air) in the ex-

perimental setup to separate the contribution of the head 
scatter from the phantom scatter. 

For getting a better overview, measurements should be 
performed at first with an artificial case for all machines of 
different companies such as Varian and Elekta. 
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Abstract—The mostly used in-vivo dosimetry techniques 
require efforts for their implementation measurements, 
workload for the detector positioning and for the data analysis. 
The transit in-vivo dosimetry, performed by the Electronic 
Portal Imaging Device (EPID), avoids the problem of the 
detector positioning on the patient. 
Recently the present authors have developed an in-vivo 
dosimetry method based on correlation functions F(w,L), 
defined as the ratio between the transit signal, St (w,L),  and 
the phantom mid-plane dose, Dm(w,L) as a function of the 
phantom water equivalent thickness, w, and of the field 
dimensions, L. 
This paper reports a method to determine the generalized 
correlation functions F(w,L) for the Varian a-Si EPIDs 
equipped with a commercial software that allows the reading 
of 0.01 Calibrated Unit per Monitor Unit when the EPID is 
positioned at the SAD=100 cm and irradiated by a field size 
10x10cm2. These generalized correlation functions are 
generated for a reference linac with a calibration of 1 cGy/UM 
at the water depth of the maximum dose, dmax, positioned at 
the SAD, for a 10x10 cm2 field. This way the use of these 
functions avoids the measurements for the implementation of 
the in-vivo dosimetry method with the a-Si EPIDs of the same 
manufacturer. An example of these functions for the 15 MV 
photon beams is reported in the present paper. 
Three Varian a-Si EPIDs have been examined to verify their 
ability to be used as transit detectors to reconstruct the 
isocenter dose Diso in patient. The in-vivo dosimetry 
reconstruction adopted here supplies an accuracy well within 
5% (2SD), and when Diso is compared with the Diso,TPS, 
computed by the TPS, a tolerance level up to ±±±±6% has been 
adopted for different pathologies as pelvis, thorax and head 
tumors.      
 
Keywords— Transit in-vivo dosimetry, EPID dosimetry,  dose 

reconstruction method. 

I. INTRODUCTION  

In these last years, several groups have published 
experiences of in-vivo transit dosimetry performed by 
Electronic Portal Imaging Devices (EPIDs) [1,2]. All these 
experiences have assessed that the transit dosimetry on the 
beam central axis can be a valuable tool to detect errors  in 
the radiotherapy treatment. In particular the dosimetric 
behavior of commercially available aS500/1000 EPIDs 

(Varian Medical Systems, Palo Alto, Ca) has been 
investigated in terms of dosimetric characteristics such as 
linearity of the detector response, reproducibility, ghosting 
and field size dependence [3]. An in vivo dosimetry method 
to reconstruct the isocenter dose, Diso, by an a-Si EPID, has 
been proposed by the present authors [2]. This approach  
uses local correlation functions F(w,L), obtained in the 
centers by the ratios between the transit signals, St(w,L), 
measured by an EPID and the water phantom mid-plane 
doses, Dm(w,L), measured by an ion-chamber positioned 
along the beam central axis. The  functions F(w,L) depend 
on the phantom thickness, w, and on the square field size, L, 
while the different contributions of the scattered photons on 
the transit signal St(w,L) as a function of the phantom 
positions are taken into account by empirical factors. In the 
last three years this method has been applied to patients 
treated with 3D conformal radiotherapy techniques for 
different pathologies as breast, thorax, head and pelvic 
tumors [2]. The results showed that at the ratio, Riso, 
between the in-vivo reconstructed isocenter dose Diso, and 
the TPS computed isocenter dose, Diso,TPS , can be associated 
to a tolerance level equal to 6%. 

With the aim of reducing the efforts due to the 
implementation measurements required by the in-vivo 
transit dosimetry method here proposed, this paper reports 
the procedure adopted to determine the generalized 
correlation functions to use for a-Si EPIDs manufactured by 
Varian. 

II. MATERIAL AND METHODS 

      A. Linacs and EPIDs 

In this study three a-Si Varian EPIDs operating at the 
UCSC of Rome were investigated. The EPID systems are 
well described elsewhere [3,4], and the table 1 reports the 
models of the linacs on which they are installed, the beam 
qualities supplied by the linacs and the model of the Image 
Detector Units (IDU).  
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Table 1 . Linac models, available photon beams and the IDU models. 
 

Linac Beam quality (MV) IDU model 

Varian 2100 C/D 6 - 10 aS500 
Varian 2100 C/D 6 - 10 aS1000 
Varian 2300 DXH 6 - 15 aS1000 
 
All the measurements reported in this paper were 

performed with the monitor unit rate equal to 400 MU/min, 
this being the MU rate used generally in the clinical routine. 
Moreover the Source to Detector Distance (SDD) [3] was 
equal to 150 cm and all the EPID signals, s, were evaluated 
by averaging the EPID central pixel values over a region of 
5 x 5 pixels.  

The characteristics of theVarian EPIDs in terms of signal 
reproducibility, long term stability, dependence with the 
field dimensions are well documented in literature [3-4] and 
have been confirmed by the present authors [2].  

The dosimetric module of the Varian Vision software, 
version 7.3.10 SP3, implemented by the manufacturer for 
the IMRT pre-treatment quality assurance was used to 
acquire dosimetric images. In particular the Vision software 
enables the EPID image calibration in terms of Calibrated 
Units (CU). Following the manufacturer indications [5] all 
the EPIDs were calibrated to yield 0.907 CU  supplying 100 
Monitor Units (MU) with a 10x10 cm2 field at the 
SAD=100 cm and the SDD = 105 cm. Using this calibration 
modality the EPIDs supply the same signal per MU, s 
(cCU/UM), independently of the MU calibrations modality 
(in terms of cGy/MU) adopted by the center. Thus this 
procedure resets the sensitivity differences between the 
Varian EPIDs. 
In this work we have referred the signal s=1 cCU/UM 
(obtained by the EPID central pixels) to the dose per MU, 
supplied by a hypothetical reference photon beam, D°SAD = 
1 cGy/UM at the water depth of the maximum dose, dmax, 
positioned at the SAD for a 10x10 cm2 field.  

The 3 Varian linacs, used in the present work, have been 
calibrated with an output factor equal to 1cGy/MU at dmax, 
for a 10x10 cm2 square field and a Source Surface Distance 
SSD=100 cm. Considering the Varian calibration modality 
of the EPIDs, we verified that the dose per MU, DSAD, 
resulted equal to 1.030±0.003 cGy/MU, 1.051±0.003 
cGy/MU and 1.061±0.003 cGy/MU for the  6, 10 e 15 MV 
photon beams respectively at dmax coincident with the SAD  
(this means that the DSAD can be determined accurately by 
the inverse square low). Therefore to have an EPID signal 
that takes into account the MU beam calibration in terms of 
cGy/MU of the linac, the signal, s, has to be multiplied by a 
factor,  k0, defined as,  
k0= DSAD/ D°SAD                                                                 (1) 

The linearity of the transit signal, st was obtained 
irradiating a solid water phantom (Gammex MIDDLETON, 
WISCONSIN 53562-0327 U.S.A.) with the mid-plane 
positioned at the SAD, and using MUs ranging between 50 
and 400 MU. The EPIDs were positioned at  the SDD= 150 
cm and a field size 10x10 cm2 at the SAD was used for 
every beam quality. A linearity correction factor, klin, has 
been obtained by  
klin=st/st,MU                                                                                                                  (2) 
where st and st,MU are the transit signals per MU obtained for 
100 MU and for a generic MU number, respectively. 

A. Transit dosimetry method implementation 

The method of the isocenter dose reconstruction has been 
reported in detail in a previous paper [2] and it is based on a 
set of measurements carried out along the beam central axis 
by an ion-chamber positioned at the geometrical mid-plane 
of solid water phantoms of different thicknesses, w, and by 
an EPID positioned under the phantoms. In this work a 
PTW (PTW Freiburg, Germany) Farmer type ion-chamber 
model M30013 (0.6 cm3 in volume) was positioned at the 
mid-plane, w/2, of the solid water phantoms at SAD=100 
cm, and using different square field sizes, the mid-plane 
dose, Dm (w,L) [cGy/UM], [6] was determined. The solid 
water phantoms were obtained with regular 30x30 cm2 slabs 
of water equivalent material that were arranged in different 
thicknesses. The measurements were performed for 
different square field sizes L×L equal to 4×4 cm2, 8×8cm2, 
12×12cm2 and 16×16 cm2 and for the photon beams of 6, 10 
and 15 MV. Both open and wedged field were irradiated 
and in particular hard wedges of 15°, 30° and 45° were 
used. All the measurements were performed with a MU rate 
of 400 MU/min and delivering 100 MU. This way the 
transit signal St was obtained multiplying st by the k0 factor 
so that the ratios St(w,L)/Dm(w,L) were independent of the 
MU calibration.                                    
Correlation functions F(w,L), for each LxL field, were 
obtained fitting the ratios  
F(w,L)=St (w,L)/Dm (w,L)                                                 (3) 
by the function  
F(w,L)=A(L)+B(L)C(L)w                                                  (4) 
in which A(L), B(L) and C(L) are fitting parameters 
dependent on L, while w was taken dimensionless. 
The measurements of Dm (w,L) doses and the St (w,L) 
signals were performed both in the reference configurations 
(phantom mid-plane at the SAD) and non reference 
conditions where the distance, d, between the SAD and the 
phantom mid-plane ranged between ± 7cm . Indeed, to take 
into account different irradiation conditions, a set of 
measurements of D’m(w,L) and S’t(w,L) has been carried 
out positioning the phantom middle point at a distance, d, 
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below  and above the isocenter [2]. The different scattered 
photon contributions from the phantom on the EPID were 
determined by the factor  
f(d,L) = St(w,L) /S’t(w, L, d)                                              (5) 
that resulted independent enough of the thickness, w. 

B. In-vivo dosimetry algorithm  

Following in part the mathematical steps reported in the 
previous paper [2] the Diso,α for a beam at the gantry angle α 
can be obtained by 

⎥
⎦

⎤
⎢
⎣

⎡
⋅⋅⋅= iso

w/20tiso, TMR
L)F(w,
L)f(d,s'D linkkα

                                (6) 

where s’t (CU) is the integrated transit signal, measured by 
the EPID, iso

w/2TMR is the ratio between the Tissue Maximum 
Ratios determined at wiso and w/2 water depths. 
In clinical practice, the parameter, w, wiso, and, d, present in 
equation (6) can be obtained following two steps: i) the 
patient’s CT scan is used to measure along the beam central 
axis the patient’s geometrical thickness, z, the distance, d, 
and the isocenter depth, diso; ii) the calibrated CT numbers 
are used to determine the mean relative electronic density 
along the patient’s thickness z and diso. Therefore the water-
equivalent thicknesses, w and wiso were determined as the 
product of z and diso with the respective relative mean 
physical densities, obtained by the linear relation between 
the electronic density and physical density. Moreover the 
LxL equivalent square field was determined for the 
conformed beam.  
The accuracy of the in-vivo dosimetry method, is reported 
in a previous paper [2]. Propagating in quadrature the 
principal uncertainties (in terms of 2 SD) a total uncertainty 
equal to ±5.0% (2 SD) was obtained. Expressing the results 
of the in-vivo dosimetry in terms of ratio R=Diso/Diso,TPS  
between the in-vivo reconstructed isocentre dose, Diso, and 
the TPS computed isocentre dose, Diso,TPS, this last with an 
uncertainty of ±3.5% (2 SD) [2] a tolerance level equal to 
6.0% was used.  

III. RESULTS 

The st linearity obtained by all the EPIDs was 
independent of the beam quality as well as of the phantom 
thickness. In particular the EPID controlled by the IAS2 
showed a signal linearity ranging within ±2% while the 
EPIDs controlled by the IAS3 showed a good linearity 
ranging within ±0.5% in agreement with the data reported in 
literature [3,4]. Table II reports the klin values (with a 
SD=±0.003) determined for the EPID controlled by the IAS 

2. The klin values relative to a given MU number can be 
obtained interpolating the data reported in table 2. 

 
Table 2 . klin values per MU, normalized at 100 MU, for different MU 

values obtained with the EPID controlled by the IAS 2. 
 

50 MU 100 MU 200 MU 400 MU 
1.017 1.000 0.990 0.986 

 
Figure 1 shows an example of the St(w,L)/Dm(w,L) ratios 

and the relative fits, obtained for different square field sizes 
with the 15 MV photon beams, as a function of the phantom 
thickness. These ratios were determined as mean values of 
the data obtained for open and wedged 15 MV photon 
beams. For each beam dimension the fits were obtained as a 
function of the water equivalent thickness and were able to 
reproduce all the experimental data within ±1.0 % .  

For the four square field sides L, the three parameters 
A(L), B(L) and C(L) of the F(w,L) functions were 
determined. In particular for each beam quality the 
parameters A(L) and B(L) were fitted (as a function of L) 
with third order polynomials, while a linear function was 
used to fit C(L) as shown by the following equations 
A(L)=a3L3+a2L2+a1L+a0 ,                
B(L)=b3L3+b2L2+b1L+b0                                                     (7) 
C(L)=+c1L+c0 .                  
Table 3 reports the coefficients of the polynomial functions 
used to fit the A(L), B(L) and C(L) parameters for the 15 
MV photon beams. This way the three polynomial 
functions, relative to the A(L), B(L) and C(L) parameters 
were used to determine the values of the generalized 
functions F(w,L) (figure 1) for any equivalent square field 
with side L between 4 cm and 16 cm. 
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Fig. 1. St(w,L)/Dm(w,L) values and the relative fits (continuous lines) 
obtained for 4×4( ), 8×8( ), 12×12 (Δ) and 16×16 cm2 (O) square fields 
as a function of the phantom thickness, w, for a reference photon beam of 
15 MV.  
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Table 3. Coefficients ai, bi and ci of the equation (7) for the  A(L), B(L) 

and C(L) parameters for a reference photon beam of 15 MV. 
 

Coefficient 
index A(L) B(L) C(L) 

3 -1.528E-05 -3.065E-06  
2 3.392E-04 2.610E-04  
1 1.225E-03 -3.687E-03 -9.006E-05 
0 1.332E-01 2.612E-01 9.649E-01 

 
Figure 2 shows the f(d,L) factors obtained for the 15 MV 

photon beams, for different field dimensions and the 
relative linear fits as a function of the distance, d 
f(d,L)=f1d+f0                                    (8) 
The f(d,L) factors were determined averaging the ratios of 
equation (5) obtained for open and wedge fields. The 
coefficients of the linear fits as a function of the distance, d, 
are reported in table 4. 
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Fig. 2. f(d,L) factors obtained for 4×4( ), 8×8( ), 12×12 (Δ) and 16×16 
cm2 (O) square fields with the 15 MV photon beams. 

 
Table 4. Coefficients of the fits performed for the f(d,L) factors as a 

function of the distance d  for the 15 MV photon beams. 
 

Square field side  
4 cm 8 cm 12 cm 16 cm 

f1 -1.4060E-03 -3.5140E-03 -4.7940E-03 -5.1950E-03 
f0 1.0006E+00 1.0009E+00 1.0004E+00 1.0003E+00 

IV. DISCUSSION AND CONCLUSIONS 

The signal per MU, of the Varian EPIDs controlled by 
the IAS 2, showed a linearity within ±2%  while the EPIDs 
controlled by the IAS 3 showed a linearity within ±0.5% in 
agreement with the data reported in literature [3-4] in the 
range between 50 MU and 400 MU.  

As shown in figure 1, the trends of the St(w,L)/Dm(w,L) 
ratios were fitted by power low functions (equation 4), for 
each square fields (LxL) examined. This fitting procedure 
uses 10 parameters and the agreement between the 
experimental data and the reconstructed ratios was  within 
±1.5% both for open and wedged fields.  

We have assessed that the a-Si Varian EPIDs are stable 
detectors to perform transit dosimetry measurements. This 
paper reports the coefficients for the generalized functions 
F(w,L) obtained for the 15 MV photon beam of a reference 
linac with a calibration of 1 cGy/UM at the depth of the 
maximum dose, dmax, positioned at the SAD, for a 10x10 
cm2 field. Once a user, determines the DSAD by the dose in 
dmax in a water phantom (generally measured at distance not 
equal to 100 cm) the correction factor k0 allows to obtain 
the Diso reconstruction by equation (6). This way it can be 
avoided to perform the implementation measurements of the 
method that require about 5 or 6 hours for every linac. At 
the moment the authors are studying the feasibility to apply 
same procedure to determine generalized correlation 
functions F(w,L) also for a-Si EPIDs used by other 
manufacturers.  
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Abstract— The paper reports a feasibility study to carry 
out the adaptive radiotherapy of the lung tumors, guided by an 
in-vivo dosimetry method. At the moment the image guided 
radiotherapy (IGRT) is used for this aim, but it requires many 
periodic radiological images during the treatment that increase 
the workload and patient dose. The in-vivo dosimetry method 
reported here can reduce the above efforts alerting the medical 
staff for the commissioning of new radiological images for an 
eventual adaptive plan. The reconstructed in-vivo dosimetry at 
the isocenter point, Diso, requires a convolution between the 
transit signal, St, obtained by an Electronic Portal Imaging 
Device and a dose reconstruction factor, C,,,, obtained by proc-
essing the patient’s computed tomography scans and that 
depend on (i) tissue inhomogeneities along the beam central 
axis, (ii) the in-patient isocenter depth and (iii) the field dimen-
sion. In this work the dose reconstruction was carried out to 
check the Diso in the lung tumor during the 3D conformal 
radiotherapy technique (3D CRT), and the results have been 
used to detect the interfraction tumor anatomy variations that 
can require  new CT image and an adaptive plan.  
One patient showed, at mid-treatment for all beams, Diso val-
ues outside the tolerance level of 6%, and the commissioned 
new CT scans were used for the elaboration of an hybrid plan. 
The dose volume histograms for a prescribed dose per fraction 
Diso,TPS = 2Gy suggested an adaptive plan to reduce the dose in 
lung tissue. The results of this research show that the dose 
guided radiotherapy (DGRT) by the Diso reconstruction is 
feasible for daily or periodic investigation about the morpho-
logical lung tumor changes. In other words, since during the 
3D CRT treatments the lung tumor anatomical changes occur 
frequently, the DGRT can be well integrated with the IGRT. 

Keywords— Guided Radiotherapy, portal dosimetry, in-vivo 
dosimetry, quality assurance in radiotherapy 

I. INTRODUCTION 

 Potential error sources in radiotherapy treatment are 
responsible for the failure of local tumor control and/or 
damage of healthy tissues1. For the category of errors dur-
ing-treatment, that includes machine settings, set-up errors 
and patient anatomy changes, many methods are at present 
being developed. In this work an in-vivo dosimetry method 
has been applied to verify the lung tumor shrinkages, that 
are the cause of strong deformations of the dose distribu-
tions. The aim of this study is to evaluate the feasibility of 

using portal signals by the electronic portal image devices1

EPIDs to reconstruct the dose at the isocenter point Diso, to 
compare with the predicted dose by treatment planning 
system (TPS), Diso,TPS. In case of disagreement the medical 
staff can be alerted for the commissioning of new CT scans 
and an eventual adaptive plan. For lung tumor treatments, 
differences between the reconstructed in-vivo dose and the 
planned dose at the isocenter point can be well observed 
thanks to the changes in size, shape and density of the lung 
tumor itself. This way the in-vivo dosimetry by portal imag-
ing device does not require either a great workload or addi-
tional patient dose, and can optimize the image guided ra-
diotherapy (IGRT) strategy of lung tumors treated by the 
3D CRT. 

II. MATERIAL AND METHOD 

A. Radiotherapy treatments 

An in-vivo dosimetry method developed in recent years2

has been performed for 12 months. 30 treatment fields for 
10 patients, treated for lung tumors, were verified and a 
total of 360 therapy fractions were analyzed (that means an 
average of 12 checks for every beam, twice a week). The 
dose was generally prescribed at the isocenter point to de-
termine the monitor units (MUs). The tumor types treated in 
this study were non-small-cell lung cancer (NSCLC), small 
cell lung cancer (SCLC) and lymphoma with dose values 
ranging between 50 Gy and 55 Gy. At the end of the treat-
ments all the patients of this study had undergone CT con-
trol scans. This way a final correlation between the tumor 
size variation and the in-vivo dosimetry at the end of the 
treatment was obtained. 

B. Equipment and in-vivo dosimetry implementation 

The photon beams used in the two centers participating 
in this feasibility study were 6 MV, 10 MV and 15 MV 
obtained by 3 linacs Clinac 2100C/D Varian and by 2 linacs 
Elekta Precise.The linacs were equipped with multileaf 
collimators (MLC) with banks of leaves, 0.5 cm (Varian), 1 
cm (Elekta) wide at the source axis distance (SAD).The 
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patient treatment parameters were transferred by electronic 
network from the TPS to the linac, avoiding most transfer 
errors. The method of the isocenter dose reconstruction has 
been reported in detail in a previous papers2 and it is im-
plemented by a set of measurements carried out by an ion-
chamber positioned at the geometrical mid-plan of a water-
equivalent phantom of different thicknesses, w, to deter-
mine the dose values, Dm (w, L), at the beam source axis 
distance (SAD) of 100 cm, for different square fields LxL 
(L= 4, 8, 10, 16 cm). In the centers a transit signal St(w,L) 
was obtained by the EPID below the phantom at a fixed 
distance from the source. Correlation functions, F(w,L), for 
each LxL field, were obtained fitting the ratios 
St(w,L)/Dm(w,L). Generally, the geometrical phantom mid-
point can be at a distance, d, from the isocenter point and in 
order to take into account the different contribution of the 
scattered photon component on the signal St, the factors 
f(d,L) = St (w,L) / S’t (d,w,L) (where d ranged within ±7
cm) were experimentally determined. When tissue inho-
mogeneities are present along the beam central axis, the 
method makes use of the patient’s radiological depths of the 
isocenter, wiso, and of the half depth, w/2. Then the isocen-
ter dose at the equivalent water depth wiso, is determined by2

                                                                         

(1) 
                                                                                 

in which the ratio of Tissue Maximum Ratios (TMRs) are at 
wiso and depth w/2 respectively and the parameters in square 
bracket supply the dose reconstruction factor C.  

C. Treatment planning systems 

A TPS, version 3.0 Oncentra MasterPlan (Nucletron BV, 
Venendal, the Netherlands) implemented with collapsed-
cone-convolution (CCC) algorithms and a 3D Eclipse TPSs 
(Eclipse 7.3.10 Varian, Palo Alto, CA, USA) implemented 
with the pencil beam (PB) and the equivalent path length 
(EPL) or BATHO methods for the inhomogeneity correc-
tions, were used in two centers. In this study the lung mar-
gins around the tumors ranged between 10 mm and 15 mm 
and the reference dose was assigned at the isocenter point 
Diso,TPS to determine the MUs for every beam. It is well 
known that the low density of lung tissues around a tumor 
causes a reduced attenuation of photons and an increased 
range of the secondary-electrons which is inaccurately pre-
dicted by the inhomogeneity correction algorithms incorpo-
rated in the PB algorithms The result of the lateral elec-
tronic disequilibrium is a consistent overestimation of the 
dose at the lung/tumor boundary by the PB algorithms. 
However for clinical cases the dose values at isocenter point
computed by the PB and CCC algorithms are well in agree-

ment3. Of course when the tumor regression occurs and the 
irradiated lung tissue increases (hybrid plan) the dose calcu-
lation by PB algorithms at the isocenter point can loss in 
accuracy due to the increase of the electronic disequilib-
rium.  

D. Tolerance/action levels and analysis of error sources 

The tolerance level of the method was analyzed in a pre-
vious paper2 and here we can summarized that propagating 
the different uncertainties in quadrature due to, (i) the dif-
ferences (±3%) between the doses measured and computed 
by equation (1) in water-equivalent material, in presence of 
heterogeneous slabs, orthogonal to the beam central axis; 
(ii) the dosimetric uncertainty (±1.5%) due both to the de-
termination of the water-equivalent thickness, w, of the 
patient and to the uncertainty of the equivalent square field; 
(iii) the dosimetric variation (±3%) observed as a conse-
quence of the tolerated variation of ±0.5cm in the beam 
central axis repositioning during the interfraction patient 
set-up; (iv) the change of the linac output factors during the 
day (±1%); (v) the transit signal reproducibility (±0.5%); 
(vi) the accuracy of the computed couch assembly attenua-
tion (±2%). An uncertainty of ±5% (2 SD) was obtained.  

The results of an in-vivo dosimetry are reported here in 
terms of ratio R=Diso/Diso,TPS (for single beam) between the 
in-vivo measured dose, Diso, and the predicted dose, Diso,TPS.
Considering that the MUs are determined by the TPS, we 
have assumed the uncertainty of ±3.5% (2 SD) for the Diso, 

TPS at the isocenter point2,3. For the in-vivo dosimetry of 
lung tumors, propagating all the errors in quadrature, we 
obtained a tolerance level of about ±6% (2 SD) that was 
assumed as action level. The clinical actions consisted in 
determining possible errors in pre-treatment and during-
treatment sections. A quality assurance checking program4

assured the control of pre-treatment errors as (i) errors dur-
ing the transfer of patient parameters (ii), user errors1 and 
(iii) MU calculation.  

III. RESULTS 

In this study all patient checks that showed R ratios over 
the tolerance level, were analyzed. Once excluded errors in 
pre-treatment and during-treatment sections a new CT scan 
set was commissioned. The CT scans commissioned during 
and at the end of the treatments justified the trend of the R 
ratios. In particular 6 over 10 patients showed reductions of 
the tumor volume and these reductions were the causes of 
the R ratios variations. In this study only for one patient an 
adaptive treatment has been adopted. Figure 1a shows the 
isocenter CT scan of a 75 year-old-patient with a SCLC and 
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who has undergone 2 chemotherapy cycles before radio-
therapy with three 6 MV x-ray beams at 60°, 229° and 293° 
that supplied a Diso,TPS = 2 Gy for fraction. A 2nd CT scan set 
(Fig.1b) was commissioned after the 7th check (cumulated 
Diso,TPS = 30 Gy) because all the reconstructed doses were 
outside the tolerance level. New tumor margins were rede-
fined and new conformed beams at the same gantry angles 
were used delivering 10 fractions with Diso,TPS = 2Gy for 
fraction. The CT scan set at the end of radiotherapy treat-
ment confirmed the 2nd CT scan set (Fig.1b). Figure 1c 
reports the results obtained in terms of R ratios for the first 
7 checks (original plan) and for the last 6 checks carried out 
for the adaptive plan.  

 
                               
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 

  

 Fig. 1. Isocenter CT scans obtained (a) at the beginning of the treat-
ment and (b) after the 7th dosimetric check. The isocenter point is reported 
by the symbol ( ). Dashed lines are the central axes for 60° 229° and 293° 
beams. (c) R ratios for the beams at 60° ( ), 229° ( ) and 293° ( ) were 
obtained with the 1st CT scan set (a)  and adopted up to 7th check. The 2nd 

CT scan set (b) was adopted for the adaptive plan with new beams at the 
same gantry angles, and the R ratios are reported from 8th check. 

For this patient, using the 1st and the 2nd CT scan set, the 
original, the hybrid and the adaptive plans were carried out 
by the CCC algorithm (Oncentra Masterplan). However, 
using the same MUs, the plans were carried out also by the 
PB algorithm (Eclipse Varian). Table 1 reports, for every 
beam, the comparisons between the Diso,TPS obtained by the 
two algorithms. In particular, the 2nd and 3rd columns report 
the data from the original plan (using the 1st CT scan set 
Fig.1a), while the 4th and 5th columns report the data ob-
tained by a hybrid plan that used the 2nd CT scan (with the 
same beams and MUs) (Fig.1b). For the hybrid plan the 

dose at the isocenter point resulted equal to 2.15 Gy, instead 
of 2.00 Gy of the original plan. The overdosage of 7.5% 
was due to the reduced attenuation as consequence of tumor 
regression. This difference increases up to 9% in the PB 
calculation, due to the increase of lateral electronic disequi-
librium when the irradiated lung tissue around the tumor 
increases. However the results in the 2nd and 3rd columns of 
the table 1 show that, when the lung tissue in the tumor 
margin is within 1 cm, (the margin used for this patient) the 
overestimation of the Diso,TPS by the PB algorithm is 1.3% if 
compared with the CCC computation. While if the lung 
tissue in the margins increases, due to tumor regression, the 
hybrid plan by the PB supplies a dose overestimation of 
2.8%, as respect to the CCC algorithm. The adaptive plan 
was carried out using reduced field sizes, at the same gantry 
angles. In this case, the differences between the doses sup-
plied by the PB and the CCC computations, increased up to 
4.2% (6th and 7th column).  

Table 1 Dose at the isocenter point by original, hybrid and adaptive plans 
obtained by PB and CCC algorithms . 

Gantry angles Original Plan Hybrid Plan Adaptive Plan 

 PB        CC PB        CC PB        CC 

60° 0.537    0.543 0.564    0.565 0.555    0.550 

229° 0.764    0.742 0.869    0.826 0.592    0.550 

293° 0.725    0.715 0.777    0.758 0.936    0.900 

Isocenter dose (Gy) 2.03      2.00 2.21      2.15 2.08      2.00 

PB dose overestimation 1.3% 2.8%         4.2% 

 

 

 Fig. 2.  DVH for the right lung when a prescribed dose equal to 2 Gy 
(single fraction) was delivered at the isocenter point of the original  plan 
(o) of figure 1a. Using the same MU of the original plan and the CT scan 
set of figure 1b the DVH is reported for the hybrid plan (h) . Finally the 
DVH for the adaptive plan (a) by the CT scan set of figure 1b.  

For the patient reported in figure 1 the level of saved lung 
tissue by the adaptive plan, was estimated by the CCC algo-
rithm. Figure 2 shows the dose volume histogram for the 
right lung of this patient when the original plan and the 
adaptive plans were simulated to obtaine the Diso,TPS = 2 Gy. 
The irradiated lung tissue resulted strongly reduced when 

 

0.82

0.88

0.94

1.00

1.06

1.12

1.18

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

check number

R

(a) (b) 

(c) 

Guided Radiotherapy by an In-vivo Dosimetry for Lung Tumors 405

  
 IFMBE Proceedings Vol. 25  



the adaptive plan was carried out. In particular, the lung 
volume included in 2 Gy increased from the 350 cm2 of the 
original plan to 550 cm3 of the hybrid plan while it was 
reduced at 15 cm3 with the adaptive plan. Moreover by the 
adaptive plan a mean lung dose reduction of 70% was ob-
served. All this convinced the medical staff for the adaptive 
plan.

IV. DISCUSSION 

The 3D-CRT has enabled both dose escalation to the tu-
mor and dose reduction to the normal tissues but the local 
control rates for radiotherapy remain undesirably low. In 
particular, clinical results suggest that further dose escala-
tion may be warranted to improve these control rates. How-
ever, the dose escalation is limited by the presence of health 
tissues within the PTV margins. The IGRT is a new chal-
lenge in this field but the disadvantages are (i) the patient 
dose, and (ii) the workload for these procedures that in-
crease the average time of the treatment. We have devel-
oped a dosimetry guided radiotherapy (DGRT) procedure 
during the treatment delivery that can be integrated with the 
IGRT. The isocenter dose Diso, by the transit signal supplies 
on-line information about possible morphological changes 
of the tumor using the same radiotherapy beams. Even if the 
method is limited to supply the reconstructed dose in one 
point and no information about the 3D modifications of the 
dose distribution, the periodic analysis of the ratios, R, for 
all  the beams used for the patient, can supply a dosimetric 
warning to program a new CT scan investigation. Six pa-
tients showed tumor regressions during the radiotherapy 
treatment but this effect could be due to the concomitant 
effect of the chemotherapy. In particular for these patients a 
progressive increase of the R ratios, suggested the commis-
sioning of new CT scans. The case reported in figure 1 
shows, at the 7th check, for all the 3 beams, the R ratios 
outside of the tolerance level. In this case, new CT scans 
were carried out and an adaptive plan, with new conformed 
beams, was adopted. The ratios, R, obtained during the 7th

check showed an overdosage at the isocenter point of 12%, 
9% and 6% for the beams at 60°, 229° and 293°, respec-
tively (Fig.1c). However, using the CCC computation the 
overdosage at the isocenter point by the hybrid plan, as 
respect to the original plan, resulted 4%, 11% and 6% for 
the beams at 60°, 229° and 293°, respectively. There is good 
agreement for the beams at 229° and 293° where the tumor 
tissue reduction in front of the isocenter point is evident. On 
the contrary, for the beam at 60°, no significant tissue varia-
tion from the patient surface to the isocenter point was ob-
served. However, the Diso,TPS (for fraction) for the hybrid 
plan increased 7.5%, as respect to the original plan consid-

ering the different wedges of the dose values from the three 
beams, the average increase of the reconstructed Diso during 
the 6th and 7th checks (before the adaptive plan), resulted 
equal to 8.2% in good agreement with that predicted. For 
this patient the results reported in Table 1 and in figure 2 
allowed some considerations as (i) using different algo-
rithms, a good agreement (within 1.3%) between the Diso,TPS

values was obtained at the beginning of the treatment when 
the effect of the lateral electronic disequilibrium by lung 
tissue was small, (ii) in the hybrid plan, that presented 
greater lung tissue in the margins (between 2 cm and 3 cm), 
the disagreement between the Diso,TPS values increased, (iii) 
the comparison between DVHs for the lung tissue obtained 
by hybrid and the adaptive plans (Fig.2), for single fraction-
ated dose, can be very useful to decide for the adaptive plan 
in particular as in this case where the lung toxicity was a 
severe constraint.  

V. CONCLUSIONS 

In some countries, in-vivo dosimetry is required for all 
the patients treated with external beams and many re-
searchers today are studying new methods based on the use 
of EPIDs. The method applied in this work is based on 
simple measurements in standard phantoms and that re-
quire a few hours, and the procedure can be carried out on 
a computer spreadsheet program. Moreover, the method 
that can be applied when the tissue inhomogeneities are 
located symmetrically and asymmetrically, can be easily 
included in the Q.A. program of the center. Now the chal-
lenge is to give adequate answers to the questions such as, 
what happens when the deviations in dose and in images 
are clinically unacceptable and when should a patient be 
re-planned. 
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DAVID chamber for in-vivo verification of IMRT deliveries  
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Abstract—A complete IMRT QA program based on a com-
bination of the 2D-ARRAY and the DAVID system was im-
plemented in our clinic to verify all IMRT deliveries. The QA 
program covers the whole treatment process from pre-
treatment dosimetric plan verification to daily in-vivo verifica-
tion of the treatment delivery. This enables us to detect any 
discrepancies that would occur before and also during the 
treatment. The DAVID system has been used regularly in our 
clinic to verify the daily treatment delivery and has been 
shown to be a convenient and fast tool to pin-point errors that 
might have occurred during each fraction. The IMRT pro-
gram presented in this study is very reliable and adds only 
minimal workload to the clinical routine. 

Keywords— IMRT, quality assurance, dose verification, 
DAVID system, in-vivo verification 

I. INTRODUCTION  

A complete IMRT QA program based on a combination 
of the 2D-ARRAY (Type 10024, PTW-Freiburg, Germany) 
and the DAVID system (PTW-Freiburg) has been devel-
oped and implemented in our clinic to ensure correct and 
accurate deliveries of all IMRT irradiation. Until recently, 
there is a major need for an on-line verification of the IMRT 
delivery during the daily irradiation of the patient. A 
method to fill this gap has been realized by the DAVID 
system developed by Poppe et al [1]. 

 
In our IMRT QA program, the 2D-ARRAY is used in the 

daily check to ensure correct functioning for the linac [2] 
Dosimetric plan verification is performed for all IMRT 
plans with the 2D-ARRAY to verify the calculated dose 
distribution [3,4]. During delivery of the daily fraction, the 
DAVID system is used for in-vivo verification of this deliv-
ery. For this purpose, we have developed and established a 
complete IMRT QA program that covers the whole treat-
ment process. This enables us to detect any discrepancies 
that would occur before and also during the treatment.  

 
In this work, we are describing this IMRT QA program 

and our clinical experience with the new DAVID system. 

II. MATERIALS AND METHODS 

A. The 2D-ARRAY 

The 2D-ARRAY (Type 10024 PTW-Freiburg, Ger-
many), comprises 729 air-filled ionization chambers ar-
ranged in a 27 x 27 matrix covering an area of 27 cm x 27 
cm. Each single chamber has an air-filled volume of cross 
section 5 mm × 5 mm and 5 mm height. The chambers are 
separated from each other by 5 mm wide ridges of low Z-
material. The distance between the centers of adjacent 
chambers is 10 mm, which is equal to the width of one leaf 
pair of the most common multileaf collimators (MLCs), 
projected onto the isocenter plane. Since the entrance plane 
of the 2D-ARRAY is usually arranged perpendicular to the 
beam’s central axis, this pattern of the chamber arrangement 
permits the projection of each pair of opposing collimator 
leaves exactly upon one row of chambers. Thereby a clear 
association of the measured readings of this row to a single 
leaf pair is achieved. 

 
B. The DAVID system 

The DAVID system (PTW-Freiburg, Germany) is a de-
vice for the permanent in-vivo verification of IMRT photon 
beam profiles by a radiation detector positioned at the radia-
tion entrance side of the patient [1]. The system consists of 
a flat, multi-wire transmission-type ionization chamber, 
placed in the accessory holder of the linac. It is constructed 
from translucent materials in order to minimize the interfer-
ence with the light field. Since each of the 37 detection 
wires of the chamber is positioned exactly in the projection 
line of a MLC leaf pair, the signal of each wire is propor-
tional to the line integral of the ionization density along this 
wire and thereby to the opening width of this leaf pair. The 
sum of all wire signals is a measure of the total radiant en-
ergy administered to the patient. For SIEMENS linear ac-
celerators the chamber of the DAVID system is positioned 
in the upper accessory holder slot. Due to the proximity to 
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the accelerator head, an automated temperature correction 
has been implemented into the DAVID system to account 
for small temperature changes. The system is adaptable to 
each MLC on the market. 

 

III. RESULTS 

A. The daily check of the linac 

 The daily quality assurance program for the accelerator 
used for IMRT treatments is performed via a measurement 
with the 2D-ARRAY. The 2D-ARRAY is positioned on the 
patient couch at an SSD of 100 cm, with 2.5 cm PMMA 
build up material but without additional backscatter mate-
rial. As described in Poppe et al [2], a reference beam of 50 
monitor units is recorded by the 2D-ARRAY right after 
maintenance or a dosimetrical calibration of the linac. After 
this adjustment, reference values are recorded for the dose 
at the central axis (measured by the central ionisation 
chamber), the beam quality, flatness and symmetry as well 
as for the dose to the chambers lying at the field border for 
checking the MLC calibration. During the daily morning 
check the same setup is used to assure constant performance 
of the linac during the course of the treatment. The dose on 
the central axis was found to vary not more than ± 0.5% 
during the whole treatment course of the patient. Homoge-
neity and symmetry remained constant within ± 1%. Fur-
thermore the MLC position accuracy was verified to lie 
within ± 0.7 mm. 

 
B.  Patient specific IMRT plan dosimetric verification 

 Measurements for patient specific IMRT plan dosimet-
ric verification have been performed with the 2D-ARRAY 
and the gantry mount (SC Holding Device, T41021, PTW-
Freiburg, Germany) attached to the accessory holder. For 
any chosen gantry angle, the surface of the 2D-ARRAY is 
arranged perpendicular to the central axis of the beam and is 
kept at a constant source-to-surface distance (SSD) of 95 
cm. Measurements and verifications are performed sepa-
rately for each gantry angle on a so called field-by-field 
basis where all segments from one gantry direction are 
irradiated subsequently and their dose distributions are 
accumulated. The gamma index criterion used was 3 mm 
and 3%. Chambers with readings below 5% of the maxi-
mum signal were not considered in the gamma index analy-
sis. Chambers with readings below 10% were analyzed with 
an increased tolerance level of 5%. The local dose differ-
ence appearing in the chambers which fail the criterion were 
further evaluated by estimating the dose deviations that 
might be expected for the patient. If this error resulted in a 

dose distribution still within the allowed tolerance level for 
organs at risk or within the coverage criteria for the tumor, 
the error was supposed to be not significant, and the plan 
passed the dosimetric plan verification. 
 
C. Clinical experience with the DAVID system 

 The reference measurement for each IMRT plan is 
acquired in parallel to the dosimetric plan verification. 
Thereby a simple reference of the DAVID chamber data to 
the dosimetric verification process is achieved. In each 
channel of the DAVID chamber the signal contributions 
from all segments are accumulated. After successful verifi-
cation of a plan, the values are stored as reference values. 
During daily treatment the corresponding signals in all 
channels are re-measured with the system and compared to 
the reference values. A warning is set if there is a deviation 
beyond a user defined threshold. Before clinical use, the 
DAVID system was tested intensively under various condi-
tions to determine its sensitivity to error-prone IMRT se-
quences.  
  
 The DAVID system has been used in the last 6 months 
in our clinic to verify all IMRT deliveries. For the evalua-
tion, the sum signal in each channel of all the segments in a 
beam is compared to the reference signal in order to pin-
point major errors that could have occurred during the 
treatment, for example a sudden change of the energy flu-
ence of the radiation per monitor unit, irregularities in the 
sequence of the IMRT segments or de-calibrated MLC 
leaves. For problematic channels, each segment of a beam is 
checked individually to identify the cause of the detected 
deviation. So far, during the course of the treatments, no 
major MLC errors have been detected. During one treat-
ment a monitor unit calibration was performed on the ma-
chine as part of the monthly QA program which changed 
the delivered dose per monitor unit by approximately 1%. 
After the calibration the measured signal showed an overall 
decrease of approximately 1% as well as shown in Figure 1, 
corresponding to the adjustment of the monitor calibration. 
In this case, a new reference measurement with the DAVID 
system has accounted for this change. Thus the visual 
analysis of the measured DAVID signals has been estab-
lished in our clinic as a reliable and fast tool, helping to 
identify errors that might not have been detected without 
this method of in-vivo verification. 
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Fig. 1 DAVID measurement showing an overall 1% decrease of the chan-
nel signal after m.u. calibration 

IV. DISCUSSION AND CONCLUSIONS  

We have presented a reliable IMRT QA program which 
adds only minimal workload to the clinical routine. It com-
prises the machine specific daily QA, the pre-irradiation 
dosimetric plan verification and the daily in-vivo verifica-
tion of each fraction. The daily QA using the 2D-ARRAY 
allows the acquisition of the most important machine pa-
rameters within one measurement. The combination of the 
gantry mount and 2D-ARRAY allows convenient dosimet-
ric verification with minimum workload, as each beam is 
irradiated at the planned angle under actual geometric con-
ditions.  The acquisition of the reference values with the 
DAVID system is performed in parallel. The DAVID sys-
tem closes the loop by securing the daily monitoring of the 
IMRT plan delivery for each segment. The results collected 

during the day can be analyzed at regular intervals, and any 
error can be identified and corrected before the next fraction 
if necessary. With the combination of the 2D-ARRAY and 
the DAVID system it is possible to identify deviations in the 
machine parameters and their impact on the quality of the 
patient treatment. 
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Enhancing the error detection capability of the DAVID system with the use of   
adaptive warning and alarm levels  
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Abstract—An adaptive warning and alarm level has been 
developed in order to enhance the error detection capability of 
the DAVID system. This method takes the intrinsic fluctuation 
or noise associated with the measured signal into considera-
tion. As an example, the irradiation according to a head and 
neck IMRT plan was performed repeatedly, and the adaptive 
warning and alarm levels were derived from the computed 
relative standard deviation of each measurement channel. For 
the evaluation, the example IMRT plan was modified by intro-
ducing errors into the MLC positions and simulating a sudden 
change of the energy fluence. The adaptive levels were suitable 
to detect these artificial errors better than a fixed default level 
when dealing with clinically irrelevant decviations. This 
method promises to overcome the limitations of the fixed 
warning and alarm levels currently implemented in the soft-
ware. 

Keywords— DAVID system, IMRT, qualiy assurance, in-
vivo verification, warning level 

I. INTRODUCTION  

The DAVID system (PTW-Freiburg, Germany), a multi-
wire ionisation chamber monitor positioned between the 
MLC and the patient, with the signal from each channel 
indicating the opening of the associated leaf pair, has 
proved to be a useful tool that completes a IMRT QA pro-
gram, being used for the daily in-vivo monitoring of IMRT 
deliveries [1,2]. During every treatment, the measured sig-
nal is compared with the reference signal obtained together 
with the dosimetric plan verification. Measurement chan-
nels that exhibit deviations larger than the user-defined 
threshold values will be activated and either a warning or 
alarm is set. Although the fixed default warning and alarm 
threshold values of 3 and 5% have proved to be a very help-
ful indicator for possible errors in the treatment delivery, we 
are aware of the cases where the warning or alarm level has 
been activated although the discrepancies were not clini-
cally relevant or only attributed to intrinsic fluctuations. 
This occurred preferently for small field segments or seg-
ments with low m.u., where the signal is relatively low and 
sensitive to noise. On the other hand, some errors went 
undetected in channels with high signal as the errors caused 
deviations less than the fixed threshold values.  

 

To further enhance the error detection capability of the 
DAVID system, an adaptive algorithm is being developed 
to pin-point only errors that are clinical relevant. On the 
other hand, this method can as well identify errors that were 
not detected by the fixed levels. The algorithm takes into 
account user defined criteria and the intrinsic fluctuation 
associated with the signal.  

II. MATERIALS AND METHODS 

To identify the amount of intrinsic fluctuation that is as-
sociated with the signal, an example head and neck IMRT 
plan with five gantry directions and a total of 44 segments 
was re-measured 8 times on a daily basis. The relative stan-
dard deviations were computed from the repeated measure-
ments for each channel and all segments of the IMRT plan. 
For each segment, only the channels were analyzed whose 
MLC pairs were opened. The signals were grouped into bins 
to improve the statistics. Within each bin, the mean of the 
relative standard deviations was computed and the relation-
ship between the relative standard deviation and the signal 
amplitude was fitted with a power function. The new adap-
tive warning and alarm levels were then derived from this 
function. 

 
In parallel to the DAVID measurement, the dose distribu-

tion from each gantry direction was measured with the 2D-
ARRAY (Type 10024, PTW-Freiburg, Germany) together 
with the gantry mount (SC Holding Device, T41021, PTW-
Freiburg, Germany). Gamma analysis was performed on the 
measured dose distributions with the software VeriSoft 
(Version 3.1, PTW-Freiburg, Germany). This allows any 
error that could have occurred during the measurement to be 
identified.  

 
For the evaluation of the adaptive levels, the example 

IMRT plan was modified by introducing artificial errors 
into the plan. Three MLC leaf pairs were mis-positioned by 
2 mm in selected segments. During one irradiation, the 
cross-hair reticle was removed to simulate a sudden change 
of the energy fluence. 

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

W C. Schlegel I, pp. 410–412,



III. RESULTS 

A. The relationship between the relative standard deviation 
and the signal amplitude 

Figure 1 shows the relationship between the relative 
standard deviation of the group channel signals and the 
mean of the signal amplitude. The relative standard devia-
tion was found to increase with decreasing signal magni-
tude. Assuming that the measured signal follows a normal 
distribution, the adaptive warning and alarm levels were set 
to two and three times of the standard deviation respec-
tively, which covers 95% and 99% of the distribution. 

 

Fig. 1 The relative standard deviation of the signal increases with decreas-
ing signal amplitude. The fitting function is used for the derivation of the 

adaptive levels 

B.  Evaluation of the adaptive warning and alarm levels 

 The derived adaptive levels were implemented in self-
written software developed to compare the measurement 
data of the DAVID system. When comparing this method 
with the fixed default levels of 3 and 5% currently imple-
mented in the software for the example IMRT plan, some 
channels that would have activated the fixed levels were 
suppressed. These suppressed deviations were seen to be 
clinical irrelevant as the measured dose distributions with 
the 2D-ARRAY passed the gamma analysis in every meas-
urement. Therefore, the fluctuations associated with the 
measurements are within the tolerance. 
 
 The adaptive levels were also able to pin-point the er-
rors of the modified IMRT sequence where the MLC pairs 
were mis-positioned by 2 mm. The adaptive warning and 
alarm levels were activated in three channels in almost all of 
the modified segments, whereas some of these errors re-

mained undetected when using the fixed levels (Figure 2). 
In one measurement, when the cross-hair reticle was re-
moved, a decrease in signal was measured. This change 
activated the adaptive levels of almost all channels in each 
segment (Figure 3). However some channels with devia-
tions of less than 3% as indicated by the arrow in Figure 3 
did not activate the fixed 3% warning level. 

 

Fig. 2 Three channels activated either the adaptive warning or alarm level 
in one segment when the MLC pairs were mis-positioned. The percentage 

deviations from the reference measurement are shown, indicating that these 
errors would remain undetected by the default levels of 3 and 5%. 

IV. DISCUSSION AND CONCLUSIONS  

An adaptive warning and alarm level for the DAVID sys-
tem was developed to overcome the limitations of the fixed 
default level currently implemented in the software. The 
adaptive level is defined as a small multiple of the relative 
standard deviations of the channel signal. This method has 
been tested and is able to identify clinical relevant discrep-
ancies better than the fixed default levels while suppressing 
those that are not clinically relevant. The algorithm is being 
further developed to include signal pre-calculation before 
the measurement and the prediction of the magnitude of any 
measured error in terms of MLC mis-positioning or ma-
chine output changes. 
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Abstract— In this work we determined PDD curves and 
dose profiles for narrow beams produced by a cobalt-60 thera-
py unity aimed to be used in radiosurgery through the cone 
beam technique. PDD curves were obtained by three tech-
niques, namely diode dosimetry, ionization chamber dosimetry 
and radiochromic film dosimetry. The results present a good 
agreement. The dose profiles obtained for cobalt-60 were com-
pared to those ones generated by a linac 2300C accelerator. 
For a same cone collimator, the area of treatment generated by 
cobalt –60 beam was smaller. The mean responsible for this 
situation is the wider penumbra present by the cobalt-60 
beam. 

Keywords— PDD, Dose Profile, Cobalt-60, Radiosurgery. 

I. INTRODUCTION  

Stereotactic radiosurgery is a high precision, focal brain 
irradiation technique delivering ionizing radiation to small, 
stereotactically localized intracranial targets. It can be ap-
plied by using Gamma Knife units with 201 cobalt-60 
sources or linear accelerators provided with cone collima-
tors or micro-multi-leaf systems. In principle, it is possible 
to use a teletherapy isocentric cobalt-60 unit for radiosur-
gery as well. In fact, studies with that aim were already 
been developed [1] [2] [3]. Brett and collaborators [1] con-
cluded that isocentric cobalt-60 units are viable for radi-
osurgery and that they may be of particular interest to 
treatment centers in developing countries where cobalt 
units, because of their relatively low cost, provide the only 
megavoltage source of radiation for radiotherapy. Rabi Raja 
Singhi and collaborators [2] [3] concluded that the fall-off 
dose in the dose distribution of the cobalt-60 stereotactic 
plan is as good as that of the 6 MV accelerator stereotactic 
plan. In the above investigations the cone beam technique 
was used. 

In Brazil, many radiotherapy facilities that provide radi-
osurgery treatments using a linear accelerator and the cone 
collimators have a cobalt-60 teletherapy unit. Therefore, it`s   
interesting to investigate the possibility of using such unit in 
radiosurgery, as a replacement unit for the linear accelera-
tor, when this equipment presents malfunction and should 
be put out of operation for repair. In this work a first step in 

this direction is done carrying out the investigation of PDD 
curves and the dose profiles obtained with a teletherapy 
cobalt- 60 unit adapted with cone collimators, the same ones 
used in the linear accelerator. Dose profiles results for co-
balt-60 are compared with those profiles generated by the 
linear accelerator. 

II. MATERIAL AND METHODS 

The cobalt-60 isocentric teletherapy unit used was a The-
ratron-780C and the linear accelerator was a Clinac 2300C, 
both equipments belonging to the National Institute of Can-
cer of Brazil (INCA). INCA uses that accelerator to perform 
radiosurgery using the BrainLab  one beam technique. The 
6 MV beam is used with this objective. A special holder 
was developed in acrylic to fix the cone collimators to the 
cobalt-60 unit. The cone collimators are the same ones used 
by INCA for radiosurgery treatment. 

Three kinds of dosimeters were used, namely the diode 
PTW 60008, GafChromic EBT radiochromic films and an 
ionization chamber PTW 31016 with 0.016 cc. Six cone 
sizes were investigated with diameters of 12.5, 15, 17.5, 20, 
25 and 30 mm. The opened field size used in Theratron 
780 C with the cones fixed to the tray was 6x6cm2 . 

Dose profiles were measured at the depth of 7.5 cm in 
water, SSD = 72.5 cm, as suggested by BrainLab to linear 
accelerators with SAD of 100 cm. In the case of PDD mea-
surements, the SSD applied was 79.5 cm. It is important to 
mention that measurements with radiochromic films were 
carried out using solid water phantom plates instead of 
liquid water. 

III. RESULTS 

In figure 1 and 2 PDD curves are presented for the three 
dosimetric techniques applied in this work and two collima-
tor sizes, 12.5 and 30 mm. It is possible to observe that 
there is a good agreement among the results obtained, al-
though the ionization chamber results present a tendency to 
diverge from diode and film results at higher depths. The 
reason for that is the lower sensitivity of the small volume 
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chamber when compared to the sensitivities of the two other 
dosimeters. 

 Form figure 3 to figure 8, dose profiles are displayed 
for the cobalt-60 unit and the linear accelerator considering 
the six cones investigated in this work. The results show 

that, for each cone size, the treatment regions covered by 
cobalt-60 beam are smaller than that ones covered by the 
linear accelerator beam. The difference is higher for the 
smallest collimators, where the penumbra influence seems 
to present a more important contribution. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Percent Depth Doses curves for 6 MV accelerator and 60Co beams considering the three dosimetric techniques applied in this work and a collima-

tor diameter of 12.5 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Percent Depth Doses curves for 6 MV accelerator and 60Co beams considering the three dosimetric techniques applied in this work and a collima-

tor diameter of 30 mm. 
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 Fig. 3 Dose profiles for 60Co and 6 MV beams. 12.5 mm cone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Dose profiles for 60Co and 6 MV beams. 15 mm cone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 5 Dose profiles for 60Co and 6 MV beams. 17.5 mm cone. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
                 Fig. 6 Dose profiles for 60Co and 6 MV beams. 20 mm cone. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              Fig. 7 Dose profiles for 60Co and 6 MV beams. 25 mm cone 
 
 
 

. 
 
 
 
 
 
 
 
 
 
 
 

               
 
 

Fig. 8 Dose profiles for 60Co and 6 MV beams. 30 mm cone. 
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IV. CONCLUSIONS  

Considering the dosimetric aspects, the present results 
for cone diameters of 17.5, 20, 25 and 30 mm encourage the 
use of the Theratron 780 C for radiosurgery. However the 
lower diameter cones seem to be incompatible for use with 
a teletherapy cobalt-60 unit for radiosurgery. Additionally, 
an analysis of the mechanical parameters is still necessary. 
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mented at GSI to compensate respiratory motion by adapt-
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I. INTRODUCTION 
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III. RESULTS 

A. System speed: 

The motion detection process updates target 
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figuration of the detection device. An analog vol
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Fig. 2 The range shifter response time to reach full range shift for the 
motors before (open circles) and after (filled circles) the upgrade of system. 
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IV. DISCUSSION 

Lateral beam tracking speed can be estimated to be a few 
millimeter per millisecond from the results described above, 
and for larger compensation amounts the speed is limited 
only by the beam deflection process using the magnetic 
scanning system (10mm/ms). This speed limitation is 3 
orders of magnitude faster than the maximum velocity of 
typical respiratory motion. It can thus be concluded that the 
lateral beam tracking system can track tumors that move 
with respiration in terms of speed.  
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Abstract— This paper outlines the joint research project 

“Increasing cancer treatment efficacy using 3D 
brachytherapy” co-funded in the FP7, according to the 
iMERA-Plus Grant Agreement No. 217257 between the EC 
and EURAMET e. V. (European Association of National 
Metrology Institutes). The project brings together the 
capabilities of ten major European National Metrology 
Institutes in the ionizing radiation field and it is focused on the 
targeted programme “Health”. It aims at establishing across 
Europe a more accurate metrological basis in brachytherapy 
by developing methods for the direct measurement of the 
quantity absorbed dose to water in brachytherapy dosimetry 
with an uncertainty on the dose delivered to the target volume 
less than 5% (k=1) at clinical level. In fact, in the current 
brachytherapy practice, the procedures to determine the 
absorbed dose imparted to the patient are affected by an 
uncertainty that could reduce the treatment success. Most of 
this uncertainty is due to a lacking metrology. No absorbed-
dose primary standards are so far available to assure direct 
traceability in dosimetry of brachytherapy sources. In order to 
optimize the brachytherapy treatments there is also a need for 
more accurate dosimetry with high spatial resolution. The 
present research project is expected to increase the accuracy of 
brachytherapy to a level comparable to that typical of 
radiotherapy with external accelerator beams. 

Keywords— Brachytherapy, Dose distribution, Dosimetry, 
Metrology. 

I. INTRODUCTION  

In current brachytherapy treatments, the procedures to 
determine the absorbed dose imparted to the patient are 
affected by an uncertainty that could reduce the cure rate. In 

this important medical application of ionizing radiation, a 
significant part of the uncertainty in delivered dose is due to 
a lacking metrology. In particular, there is a lack of 
absorbed dose primary standards for brachytherapy. Many 
national medical associations and scientific international 
organizations like ESTRO (European Society for 
Therapeutic Radiology and Oncology), IAEA (International 
Atomic Energy Agency), ICRU (International Commission 
on Radiation Units and Measurements) and BIPM (Bureau 
International des Poids et Mesures)  have already started 
research programs in the field of Brachytherapy and 
encouraged the metrological community to develop 
absorbed dose standards for brachytherapy sources. This 
paper outlines the joint research project “Increasing cancer 
treatment efficacy using 3D brachytherapy” (short name: 
T2.J06, brachytherapy) co-funded in the Seventh 
Framework Programme for research and technological 
development, in the framework of the eraNET-plus action 
denoted as iMERA-Plus (Implementing Metrology in the 
European Research Area). The “Brachytherapy” project 
refers to research in ionizing radiation metrology focused on 
the targeted programme “Health” in the European 
Metrology Research Programme. This collaborative 
research project responds to the necessity that the dose 
measurements in the clinical use of the radiation sources for 
brachytherapy be traceable to absorbed-dose-to-water 
primary standards and that the uncertainty on the dose 
delivered to the target volume, at clinical level, be less than 
5% (k=1). It aims at establishing the metrological basis for 
the safe, reliable, and high-quality future application of 
ionizing radiation in medicine for brachytherapy across 
Europe. The project puts together the research and 
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measurement capabilities of several of the major European 
National Metrology Laboratories in the field of ionizing 
radiation. This will ensure a closer cooperation in doing 
research, a reduced delay for the result dissemination, and a 
better accuracy and precision of the results by validation 
through cross-checking and comparisons. The present JRP 
will establish absorbed dose primary standards for 
brachytherapy. This new approach is expected to increase 
the accuracy of brachytherapy dosimetry to a level 
comparable to that typical of dosimetry in radiotherapy with 
external accelerator beams.  

II. DESCRIPTION OF THE PROJECT  

A. Participants and objectives 

The “Brachytherapy” project brings together the 
research and measurement capabilities of the major 
European National Metrology Institutes in the field of 
ionizing radiation measurements: BEV, Bundesamt für 
Eich- und Vermessungswesen, Austria; CMI, Czech 
Metrology Institute, Czech Republic; ENEA-INMRI, 
Istituto Nazionale di Metrologia delle Radiazioni Ionizzanti 
of the Ente per le Nuove tecnologie l’Energia e l’Ambiente, 

Italy; ITN-LMRI, Instituto Tecnológico e Nuclear, Portugal; 
LNE-LNHB, Laboratoire National Henri Becquerel, France; 
NMI-VSL, NMi Van Swinden Laboratorium B.V., The 
Netherlands; NPL, National Physical Laboratory, United 
Kingdom; PTB, Physikalisch-Technische Bundesanstalt, 
Germany; SSM, Swedish Radiation Safety Authority, 
Sweden; STUK, Säteilyturvakeskus Radiation and Nuclear 
Safety Authority, Finland. The project coordination has 
been entrusted to the ENEA-INMRI. 

The target of this JRP is to use the absorbed dose to 
water as the reference quantity to be directly measured for 
dosimetry in low dose rate (LDR) and high dose rate (HDR) 
brachytherapy. The absorbed dose is the quantity of interest 
for dosimetry in radiotherapy treatments [1]. The absorbed 
dose due to the radioactive sources used in brachytherapy is 
currently not determined by direct measurements. It is 
determined indirectly by a conversion procedure in which 
the absorbed dose is obtained from measurements of air 
kerma (figure 1). In fact, brachytherapy gamma ray sources 
are currently calibrated in terms of air kerma strength or 
reference air kerma rate (RAKR), defined at a distance of 
1 m from the radioactive source. However, patient 
dosimetry and algorithms for dose calculation in 
brachytherapy treatment planning are based on the quantity 
absorbed dose to water at a distance of 1 cm. The absorbed 

Figure 1. Current calibration procedure for dosimetry in brachytherapy, based on air kerma primary standards and conversion from reference air 
kerma at 1 m from the source to absorbed dose to water at 1 cm from the source. 

Brachytherapy sources calibrated in terms of  Reference 
Air Kerma Rate (at the distance of 1 m in free space) 

u1 

Transfer standards and 
brachytherapy sources calibrated in 
terms of Reference Air Kerma Rate 

Conversion from Reference Air Kerma Rate to 
Absorbed Dose Rate to water at reference 
distance (1 cm) and angle (90°). 

Uncertainty on the  absorbed dose imparted to the 
patient in the current brachytherapy practice: 
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dose to water, DW, around a brachytherapy source is 
currently calculated by applying the formalism of a 
protocol, published by Task Group 43 of the American 
Association of Physicists in Medicine (AAPM) [2, 3 and 4]. 
This protocol allows the conversion from air kerma strength 
or RAKR to DW at a reference distance of 1 cm from the 
source, located at the centre of a cubic water phantom with 
side of 30 cm. No absorbed dose primary standards are so 
far available to assure traceability in dosimetry of 
brachytherapy sources whereas absorbed dose primary 
standards exist for dosimetry of radiation beams produced 
by accelerators and currently used in radiotherapy [1]. This 
situation makes brachytherapy dosimetry less accurate than 
dosimetry of beams produced by clinical accelerators 
because the conversion procedure needed for brachytherapy 
dosimetry is a considerable source of uncertainty on the 
final value of the absorbed dose imparted to the patient. 
Under reference conditions (in a water phantom, at a fixed 
distance from the source) the uncertainty is not less than 5% 
(k=1) in brachytherapy dosimetry and about 2% (k=1) in 
external beam (clinical accelerators) dosimetry. In 
brachytherapy the combined relative standard uncertainty in 
the determination of absorbed dose at clinical level is 
estimated to be between about 8% (k=1) and 10% (k=1) at 1 

cm and 5 cm from the source, respectively [5]. This 
uncertainty is expected to be clinically significant [1]. The 
large uncertainty in absorbed dose determination can 
influence negatively the clinical success of brachytherapy 
treatments. The project, developing methods for direct 
measurements of the quantity absorbed dose to water (figure 
2), will make possible to reduce the uncertainty on the dose 
delivered to the target volume, at clinical level, to less than 
5% (k=1). 

B. Activities 

The target of the project is to use the absorbed dose to 
water as the reference quantity to be directly measured for 
dosimetry in brachytherapy. This target requires that the 
current air kerma standards be gradually replaced by new 
primary standards of absorbed dose to water. Hence the 
first objective of the project is to construct primary 
standards to measure the absorbed dose to water due to 
radioactive sources for brachytherapy. A set of 
independent experimental systems have been designed and 
will be set into operation in order to assess, by 
comparison, the effectiveness of each of these new 
instruments and minimize the measurement uncertainty. 
The new absorbed-dose-to-water primary standards are 

Figure 2. Calibration procedure for dosimetry in brachytherapy, based on the new brachytherapy absorbed-dose-to-water primary standards that will be 
made available by the completion of the European joint research project “Brachytherapy” 

Accurate methods for determination of the 3D dose distribution . 

Target uncertainty on the  absorbed dose imparted to the patient in 
the future brachytherapy practice after the successful completion of 
the iMERA-Plus project “Brachytherapy”: 
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based on calorimetry or ionometry and MC conversion procedures. 
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specifically designed for measurements with 
brachytherapy sources and for this reason their 
characteristics are considerably different from those 
relevant to the other existing standards. A further aspect 
that is accounted for in the design of the new standards is 
the need to measure low-dose-rate (LDR) and high-dose-
rate (HDR) brachytherapy sources. In this regard two 
distinct groups of standards based on different methods of 
measurement have been developed. The standards for 
measurement with HDR sources are based on calorimetry 
and include four independent designs: two graphite 
calorimeters and two water calorimeters. The standards for 
measurement with LDR sources are based on ionometric 
methods being this method most sensitive to low intensity 
sources. They include three independent designs of large 
angle ionization chambers. By these new absorbed dose 
standards a reference value of the absorbed dose to water 
at the reference distance of 1 cm from the source will be 
determined with a target value for the  uncertainty u(DW) < 
2% (k=1), at primary level. The new standards will be 
validated by comparison at the end of 2010. Furthermore 
accurate methods for the determination of 3D dose 
distributions due to brachytherapy sources will be 
developed. This objective is particularly important because 
of the strong spatial variations of absorbed dose due to 
brachytherapy sources. The availability of accurate values 
of absorbed dose to water together with accurate 3D dose 
distributions will allow the development of treatment plans 
and protocols for clinical dosimetry in brachytherapy 
based entirely on direct measurements of absorbed dose to 
water. Once the new absorbed dose standards will be 
established an updated calibration chain will be 
implemented, by calibration of the current well type 
ionization chambers (the so-called dose calibrators) 
directly against the new standards.  

The project started on 1 July 2008 for a period of 36 
months. It is structured with four technical work packages 
(WP2, WP3, WP4 e WP5). WP2 and WP3 aims to develop 
a robust system of absorbed-dose-to-water standards for 
LDR brachytherapy sources and for HDR brachytherapy 
sources, respectively. Once the new LDR and HDR 
standards systems will be available, WP4 and WP5 will be 
addressed to stakeholders (e.g. the radiotherapy centres). 
WP4 will link the new and the current reference quantities 
and will develop a calibration chain to transfer the new 
reference quantity to the end user minimizing the 
uncertainty. WP5 will improve the verification of the 3D 
dose distribution in water due to brachytherapy sources by 
studing a number of detection methods (gel dosimeters, 
radiochromic films, scintillation detectors, TLD dosimeters, 

alanine dosimeters, liquid ionization chambers, 
semiconductor detectors, and 2D multidetector systems). 

III. CONCLUSIONS 

The “Brachytherapy” project brings together the 
research and measurement capabilities of the major 
European National Metrology Institutes in the field of 
ionizing radiation measurements. It aims at establishing 
across Europe a more accurate metrological basis in an 
important medical application of ionizing radiation -the 
brachytherapy- by a significant improvement of the 
accuracy on the absorbed dose imparted to cancer patients 
receiving brachytherapy treatments. The traceability of 
brachytherapy dosimetry to the new absorbed dose 
standards is expected to improve the accuracy and 
effectiveness of brachytherapy to a level comparable to that 
typical of radiotherapy with external beams produced by 
clinical accelerators. Several European National Metrology  
Laboratories are working together to achieve accurate and 
direct absorbed-dose-to-water measurements for 
brachytherapy sources. These laboratories will ensure the 
dissemination of the project results to the international 
medical community. 

The research leading to these results has received funding 
from the European Commission (EC) according to the EC 
Grant Agreement No. 217257 between the EC and 
EURAMET e.V. (European Association of National 
Metrology Institutes) under the Seventh Framework 
Programme. 
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Proposals for a ICRU-50/62 -Consistent Dose Prescription  
Suited for IMRT Radiation Techniques 
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Abstract—Several volume based methods of dose prescrip-
tion are compared. Some of the methods distinguish the cen-
tral part of the target and the margin region of any form of 
planning target volume. The methods are first applied to con-
ventional radiation techniques to evaluate the consistency with 
the ICRU dose point concept. Furthermore the techniques are 
applied to IMRT plans. In addition the influence of boluses 
and the proximity of the planning target volume (PTV) and the 
surface of the patients are discussed. Two types of methods 
result in a high degree of consistency with the hitherto valid 
ICRU dose prescription concept: the median dose and the 
mean dose to the central part of the PTV. 

Keywords—ICRU 50, ICRU 62, dose prescription, IMRT. 

I. INTRODUCTION  

ICRU 50 [1] and ICRU 62 [2] provide a framework 
which structures the reporting of external radiotherapy from 
different institutions. A central role is played by the defini-
tion of points that represent “the PTV dose”. However, new 
techniques like intensity modulated radiotherapy (IMRT) 
are supposed to create more inhomogeneous dose distribu-
tions. Consequently it is difficult to define a point whose 
dose can be called “characteristic” of the PTV. Therefore 
the definition of the ICRU Reference Point has become 
problematic and previous work similar to that of Kuko-
lowicz et al. [3] must be revised for IMRT purposes. As a 
result, currently a plurality of volume based dose concepts 
are contending, such as the mean dose to the PTV (PTV 
DMean), the dose to 95 % of the PTV (PTV D95) and so on 
[4-6].  

For this reason, the authors examined different volume 
based definitions. Their consistency with the hitherto valid 
“ICRU Reference Dose” (ICRU RD, the dose at the ICRU 
Reference Point) is investigated. That means, the ratio of 
the dose defined by possible ICRU Reference Points and the 
dose defined by the concurring procedure is investigated for 
the same plan. Moreover, the correlation of the pairwise 
application is explored by the standard deviation of all the 
ratios. Definitions are applied to classical (forward plan-
ning) treatment plans and to IMRT-plans. 

II. METHODS 

A. Materials 

Treatment planning was performed on a Philips Pinna-
cle3 TM version 8.0 planning system. Siemens PrimusTM and 
Elekta SynergyTM  linacs were commissioned with 1 cm or 
0.4 cm leaf width (in the isocentre), respectively. IMRT 
plans are optimised by the Raysearch™ direct machine 
parameter optimisation (DMPO) module and calculated 
using a collapsed cone algorithm.  

B. Patient Models  

The patient data were randomly selected from the normal 
clinical routine. 50 patients with preferably different tumour 
localisations and a total of 81 treatment plans were exam-
ined. The additional plans resulted from different plan 
variations, mostly (in 13 cases), however, from the applica-
tion or removal of a bolus. The other plan variations re-
sulted from technique changes. 34 patient models were used 
for conventional conformal techniques (CRT). 16 patient 
models with 32 target volumes were applied to IMRT tech-
niques (i.e. 13 head and neck patients, 3 breast patients). For 
CRT, 7 breast patients and 27 patients with other localiza-
tions were chosen (i.e. 10 head and neck, 4 rectum, 1 anus, 
1 corpus uteri, 1 cervix, 2 prostate, …, 4 metastases). 

C. Volume Definitions and Prescription Methods 

In addition to the planning target volume PTV we de-
fined a “PTVx” in which the volume is shrunk by an amount 
x mm in all directions, and which further contains no pock-
ets of air. This volume is designated as the “central target 
volume”. It comprises, depending on the choice of x, ap-
proximately the clinical target volume. For this planning 
study x = 5 mm was selected, a distance that is frequently 
chosen to avoid surface effects [7]. In all conventional cases 
and 6 IMRT-cases only one PTV exists. In 17 IMRT-cases 
nested target volumes were selected and simultaneously 
irradiated (SIB [8]). The target volumes are fundamentally 
non-overlapping. For SIB they therefore abut one another.  
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In this study the arithmetic mean and median averages in 
the PTV and PTV5 were evaluated.  Furthermore D0, D100 
(and standard deviation) in the PTV and PTV5 in addition to 
D95 in PTV were determined. Their relationships to a plural-
ity of ICRU Reference Points, selected according to ICRU 
criteria, were computed. For the conventional plans 208 
points were used which were acceptable ICRU reference 
points, for the IMRT plans 92 points were employed. 

III. RESULTS 

A. Characteristics of the Dose Distributions 

The relative standard deviation of the dose in the PTV 
(PTV5) was 4.4 % (2.4 %) for the CRT non-breast plans, 
7.4 % (2.8 %) for the breast plans without bolus and 3.9 % 
(2.9 %) for the same plans with a bolus of 5 mm thickness 
over the whole breast. The influence of the surface on the 
PTV standard deviation can clearly be seen. For IMRT, the 
relative standard deviation of the dose in the PTV (PTV5) 
was 4.2 % (2.2 %) for the non-breast plans, 6.4 % (2.6 %) 
for the breast plans without bolus and 4.2 % (2.6 %) for the 
same plans with bolus.  

Table 1 Correlation of prescription methods (not breast cases) 

       Numera- 
               tor  
 
divisor 

PTV 
DMedian 

PTV 
DMean 

PTV5 
DMean 

PTV 
D95 

ICRU
RD 

(Case-
Mean) 

ICRU 
RD  

a) CRT [%] [%] [%] [%] [%] [%] 

PTV DMedian  99.5 
0.4 

100.4 
0.6 

92.3 
3.0 

100.0 
1.4 

100.1 
1.7 

PTV DMean 
100.5 

0.4  100.9 
0.7 

92.7 
2.9 

100.5 
1.7 

100.5 
2.0 

PTV5 DMean 
99.6 
0.6 

99.1 
1.0 100.0 91.9 

3.2 
99.6 
1.5 

99.6 
1.8 

PTV D95 
108.5 

3.6 
108.0 

3.5 
109.0 

3.9  108.6 
4.4 

108.3 
4.3 

ICRU RD 
(Mean) 

100.0 
1.4 

99.5 
1.6 

100.4 
1.5 

92.3 
3.5  100.0 

1.1 
b) IMRT [%] [%] [%] [%] [%] [%] 

PTV DMedian  100.0 
1.1 

100.6 
1.3 

93.9 
4.1 

100.9 
1.8 

100.8 
2.5 

PTV DMean 
100.0 

1.1  100.6 
2.0 

93.9 
3.9 

100.9 
2.3 

101.2 
2.8 

PTV5 DMean 
99.4 
1.3 

99.5 
2.0  93.5 

4.3 
100.4 

2.1 
100.4 

2.6 

PTV D95 
106.7 

5.2 
106.7 

4.8 
107.2 

5.6  107.2 
6.6 

106.9 
6.6 

ICRU RD 
(Mean) 

99.1 
1.7 

99.2 
2.2 

99.7 
2.0 

93.2 
4.7  100.0 

1.9 

The minimum doses range for CRT around 32 % (87 %) 
in relation to the prescription dose, for IMRT 48 % (86 %) 
with large standard deviations of  34 % (9 %) and 35 %  
(18 %). 

B. Comparison of Prescriptions for Non-breast Cases 

Table 1 correlates some volume based prescriptions and a 
selection of allowed ICRU Reference Points with a ICRU 
Reference Dose (RD) (non-breast plans only). The first line 
of each cell is the mean ratio for each case of the prescrip-
tion of a column and the prescription of a row, averaged 
over all cases. In the second line of each cell is the respec-
tive standard deviation. CRT and IMRT dose prescription 
ratios can be compared using the upper (a) and the lower (b) 
part of the table. ICRU RD (case-mean) is the dose to the 
mean value of all chosen examples of an ICRU Reference 
Point of each case, averaged over all cases. In the right 
column ICRU RD the average of all normalized ICRU Dose 
Points of all cases is presented to show the statistical disper-
sion if different single points are used to represent a dose 
distribution. The standard deviation of the ratio ICRU RD / 
ICRU RD (case-mean) – last row, right column - is a meas-
ure of the statistical dispersion of the dose at the chosen 
ICRU Reference Points within a case. 

C. Breast Cases with and without Bolus 

Tables 2 and 3 compare the plans of the breast cases in 
the same way (CRT: 6 cases; IMRT: 2 / 3 cases – the stan-
dard deviation is omitted). Table 2 comprises the cases 
without boluses, whereas Table 3 represents the same cases 
with a 5 mm bolus. These tables demonstrate the effect  
of the extended near-surface areas as typical for breast pa-
tients (the PTV is delineated approaching the patient  
outline). 

For non-breast plans the prescription by PTV median, 
PTV mean and PTV5 mean dose, lead to similar results with 
respect to the mean of the ICRU Reference Doses. The 
larger standard deviations for the ICRU RD reflect the fluc-
tuation due to the choice of the position of the ICRU refer-
ence point. The results for CRT and IMRT are quite similar. 
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Table 2  Correlation of prescription methods (breast cases with bolus) 

       Numera- 
               tor  
 
divisor 

PTV 
DMedian 

PTV 
DMean 

PTV5 
DMean 

PTV 
D95 

ICRU
RD 

(Case-
Mean) 

ICRU 
RD  

a) CRT [%] [%] [%] [%] [%] [%] 

PTV DMedian  100.0 
0.2 

100.0 
0.4 

94.2 
1.5 

98.7 
1.5 

98.7 
2.0 

PTV DMean 
100.5 

0.4  100.0 
0.3 

94.2 
1.4 

98.7 
1.5 

98.7 
1.9 

PTV5 DMean 
100.0 

0.4 
100.0 

0.3  94.3 
1.3 

98.7 
1.3 

98.7 
1.8 

PTV D95 
106.2 

1.7 
106.2 

1.6 
106.2 

1.5  104.8 
1.9 

104.8 
2.3 

ICRU RD 
(Mean) 

101.4 
1.6 

101.4 
1.5 

101.4 
1.4 

95.5 
1.8  100.0 

1.4 
b) IMRT [%] [%] [%] [%] [%] [%] 

PTV DMedian  99.5 100.6 92.4 99.3 99.3 
2.9 

PTV DMean 100.5  101.1 92.9 99.8 99.8 
2.9 

PTV5 DMean 99.4 98.9  91.9 98.7 98.7 
2.9 

PTV D95 108.2 107.7 108.9  107.5 107.5 
3.1 

ICRU RD 
(Mean) 100.7 100.2 101.3 93.0  100.0 

2.9 

IV. DISCUSSION 

A. The Use of PTV D95 

D95 and Dmin are only weakly correlated to the ICRU RD.  
For the breast cases (largest standard deviation relative to 
the ICRU RD), the D95 prescription depends largely on 
surface effects (i.e. changes of approximately 5 % irradiat-
ing with or without the bolus). To compare IMRT results 
with CRT results, an other substitute for ICRU RD must be 
provided. PTV D95 and PTV Dmin (or D01 …) may be re-
ported as additional information.  

B. Distribution of Dose Fluctuations 

The fluctuations of the ICRU RD increase for IMRT as 
predicted by several authors [6]. The standard deviation for 
the ICRU RD is slightly larger for IMRT plans than for the 
CRT techniques, and all correlations of other prescription 
methods are not as pronounced for IMRT as for CRT. How-
ever, it should be noted, that the standard deviations of the 
mean doses in the PTV and the PTVx are comparable for 
IMRT and CRT plans. This means that the fluctuations over 
the PTV as a whole are comparable for CRT and IMRT 
(IMRT based on the DMPO optimization).  

Table 3  Correlation of prescription methods (breast cases without bolus) 

       Numera-
               tor  
 
divisor  

PTV 
DMedian 

PTV 
DMean 

PTV5 
DMean 

PTV 
D95 

ICRU
RD 

(Case-
Mean) 

ICRU 
RD  

a) CRT [%] [%] [%] [%] [%] [%] 

PTV DMedian  98.8 
0.2 

100.6 
0.4 

87.9 
1.5 

99.5 
1.5 

99.5 
2.0 

PTV DMean 
101.2 

0.2  101.8 
0.3 

88.9 
1.4 

100.7 
1.5 

100.6 
1.9 

PTV5 DMean 
99.4 
0.4 

98.2 
0.3  87.3 

1.3 
98.9 
1.3 

98.9 
1.8 

PTV D95 
114.1 

1.7 
112.7 

1.6 
114.8 

1.5  113.1 
1.9 

113.1 
2.3 

ICRU RD 
(Mean) 

100.5 
1.6 

99.3 
1.5 

101.1 
1.4 

88.3 
1.8  100.0 

1.4 
b) IMRT [%] [%] [%] [%] [%] [%] 

PTV DMedian  98.7 100.7 87.7 100.5 100.5 
2.0 

PTV DMean 101.4  102.1 88.9 101.9 101.9 
2.4 

PTV5 DMean 99.3 98.0  87.1 99.8 99.8 
2.0 

PTV D95 114.4 112.8 115.2  115.0 115.0 
7.7 

ICRU RD 
(Mean) 99.5 98.2 100.2 87.3  100.0 

2.0 

The standard deviations of the ICRU RD from several 
chosen points were smaller for CRT plans than for IMRT 
plans. Perhaps this can be interpreted as if dose fluctuations 
of classical CRT plans were less concentrated in the areas 
that were typically chosen for ICRU Reference Points.   

C. Surface Effects of the PTV Mean Dose 

Adding a flab to a breast plan changes the PTV mean 
dose with respect to the ICRU reference dose by 2 %. This 
is due to surface effects that should not influence the pre-
scription, which should be based on the dose within the 
central dose plateau. Similar changes of the PTV mean dose 
can be expected due to delineation effects of the PTV shape 
[9, 10]. Therefore, only median dose in the PTV and the 
mean dose to the PTVx remain in contention to be the wor-
thy successor of the ICRU RD. However, there are two 
further arguments that favor PTVx. 

D. Additional Advantages of the Mean Dose in PTVx 

The definition of PTVx includes the set of all points 
which can be chosen as ICRU reference points. The x = 5 
mm margin ensures that all points are within a dose plateau 
and not near to the steep dose gradient at the borders of the 
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PTV. In several cases, PTV5 includes about 60 % (32 % to 
75 %) of the PTV volume in the CRT and 37% (7% to 71 
%) in the IMRT cases. Furthermore, all the excluded vox-
els are supposed to have a lower tumor cell density than the 
center of the PTV, which includes the CTV. Due to the 
mean value theorem for integration, the mean value of 
PTVx can be represented by one or more points within the 
plateau PTVx of the PTV (this not necessarily so for a D95 
prescription).  

In contrast to the prescription based on the median dose 
which is regarded as a relevant prescription method [4], the 
mean value of PTVx could be a base for successive biologi-
cal interpretations with diverse biological models. Bleher et 
al. [11] demonstrated  that the pair of mean value and stan-
dard deviation of the dose in a volume with constant tumor 
cell density provides the possibility of the subsequent ap-
proximate recalculation of tumor control probabilities or 
equivalent doses with arbitrary biological models.  

V. CONCLUSIONS 

“The dose to the patient”, formerly represented by the 
ICRU Reference Point, continues to play a prominent role. 
In contrast the intended additional values in ICRU 62 [2], 
the expanded framework of these recommendations, some-
times tend to be in the background - all the more reason that 
a careful and coherent definition of this dose term is  
performed. 

As successor for the ICRU Reference Point, the authors 
recommend the median dose to the PTV or – preferably – 
the mean dose to the PTVx, the central plateau. Both pro-
vide a consistent extension of the ICRU Reference Dose. 
PTVx adds the possibility of usage of the standard deviation 
in the PTVx for later biological evaluation. 
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Abstract— Dose calculations are central to planning proce-
dures in radiation therapy. For advanced delivery techniques
such as IMRT and arc therapy, dose typically is computed mul-
tiple times in optimization strategies. This often leads to com-
putational burden and possible delays, that require for solu-
tion either significant computing resources or approximations
that may compromise the accuracy of the calculations. In order
to obtain accurate solutions within clinically compatible time-
frames, we have investigated the use of graphics material for the
calculation of dose in radiation therapy. The massively parallel
architecture of Graphics Processing Units (GPUs) was exploited
to accelerate dose calculation algorithms, which are inherently
compatible with parallel computing. More specifically, we have
implemented on graphics material a convolution-superposition
(CS) dose calculation algorithm for external beam radiation
therapy and a modified version of a broadly used protocol for
brachytherapy. In both cases, the algorithms rely on raytracing
through voxel space to account for phantom composition and
geometry. Implementation strategies are described, along with
strengths and limitations of GPUs as general-purpose computa-
tion engines. Acceleration factors of up to 17x were obtained for
the CS dose calculation and of up to 25x for the brachytherapy
dosimetry protocol, compared to execution on a Central Pro-
cessing Unit (CPU). These results let envision the development
of more accurate dose calculation algorithms compatible with
clinical timescales.

I. INTRODUCTION

From rough approximations, dose calculations have
evolved in terms of complexity and accuracy, and nowadays
typically integrate the geometry and composition of the tar-
get as well as sophisticated models of radiation transport.
This increased complexity is handled by modern computers
up to a certain limit, upon which computing power becomes
a bottleneck in planning procedures. This is particularly true
of advanced delivery techniques such as IMRT and arc ther-
apy, where multiple dose calculations challenge the clinical
viability of optimization techniques. Computing clusters can

� Corresponding author.

certainly help to alleviate this computational burden but they
remain complex infrastructures that are costly to operate and
maintain.

Fig. 1 The evolution in time of raw computing power for GPUs and CPUs,
in terms of billions of floating-point operations per second (GFLOPS)

An alternative solution for high-performance computing re-
cently emerged from a rather unexpected sector: video games.
Graphics Processing Units (GPUs), designed to render com-
plex graphics scenes, were found to perform quite well for
general-purpose computing. Figure 1 shows the evolution
through the years of GPUs and CPUs in terms of raw com-
puting power. Numerous applications in medical physics have
successfully used GPUs for acceleration (see e.g. [1, 2, 3]),
mostly for imaging applications. In this paper, we use GPUs
to accelerate dose calculations in radiation therapy.

II. MATERIALS AND METHODS

We have implemented two dose calculation algorithms on
GPUs. The first one is a convolution-superposition algorithm
used in the context of external beam radiation therapy [4, 5],
which includes a dual source beam model [6] and polyener-
getic kernel tilting [7]. The implementation was made within
the framework of PlanUNC, or PLUNC, a planning system
developed for research purposes by the Department of Radia-
tion Oncology of the University of North Carolina at Chapel
Hill (see Fig. 2). The GPU acceleration was achieved by
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launching simultaneous threads for multiple coordinates of
dose evaluation. The GPU dose calculation engine was trans-
parently integrated to PLUNC.

Fig. 2 The graphical interface of PLUNC with the seamlessly integrated
GPU dose calculation engine

The second algorithm we implemented on GPU is used in
brachytherapy dosimetry, and is described in details in [8].
This formalism alone does not represent a significant nu-
merical task and dose calculation is typically very fast. We
complexified this task by introducing interseed attenuation
and tissue heterogeneities, which were shown to impact sig-
nificantly the dosimetry for permanent implants brachyther-
apy [9]. Interseed attenuation and tissue composition were
handled with a raytracing approach, where the radiological
distance is computed between sources and dose evaluation
coordinates. The raytracing algorithm is used to compute
the attenuation coefficient μ of a ray crossing a voxel ar-
ray of densities ρ(i, j, k) and mass attenuation coefficients
μρ(i, j, k),

μeq =
∑

i

∑

j

∑

k

l(i, j, k)ρ(i, j, k)μρ(i, j, k) (1)

where l(i, j, k) is the length of the ray in the voxel (i, j, k).
The distance used in the modified formalism is the thickness
of water equivalent to this μeq . A simple numerical phantom,
shown in Fig. 3, was used to assess the effect of interseed
attenuation and heterogeneities.

For both dose calculation algorithms, raytracing plays the
important role of incorporating personalized data into the cal-
culation of dose. This is numerically intensive but guarantees

Fig. 3 The numerical phantom used to study the effect of interseed attenu-
ation and tissue heterogeneities in permanent implants brachytherapy. The
phantom consists of two seeds and a spherical air cavity in a cube of water

more accurate results. Raytracing is a natural fit for GPUs,
as it can be done independently for multiple rays. Our imple-
mentation of raytracing on GPU is based on an incremental
version of Siddon’s algorithm [10, 11, 12] and is described
in [13].

The GPU used for this work is a 30 cores NVIDIA GTX
280, each core containing 8 Scalar Processors (SPs). The
CUDA programming platform [14], from NVIDIA, was used
to exploit the GPU as a general-purpose computing engine.
This Application Programming Interface (API) is written in
the C language and frees the programmer from basic and
common operations. CUDA is a step forward in GPU pro-
grammability as it mostly excludes graphics API, such as
OpenGL and DirectX, which have traditionally been used
to exploit the GPU as a general-purpose calculation engine.
CUDA allows the programmer to write C-style code that can
be launched unbounded from a graphics application.

III. RESULTS

Figure 4 shows the acceleration factors obtained by the
GPU implementation of the CS algorithm of PLUNC, over
its CPU version. The benchmarking was done with dif-
ferent dose calculation grid sizes. Acceleration factors of
up to 17x were achieved. Larger acceleration factors were
obtained with finer calculation grids, where the massively
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parallel characteristics of the GPU are better exploited. The
accuracy of the calculations was the same on the GPU and
the CPU.
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Fig. 4 Convolution-superposition acceleration with the GPU
implementation

The results related to the modified brachytherapy dose cal-
culation algorithm are reported in Tab. 1. Acceleration factors
of up to 25x were obtained. The GPU allows for calculation
times that are more compatible with clinical requirements.
This is especially important for brachytherapy as on-the-fly
dose calculations can be required during the seed implanta-
tion procedure.

Table 1 CPU and GPU execution times for the modified brachytherapy dose
calculations

grid size CPU time GPU time acceleration

643 1.0 0.04 25.0
1283 14.9 0.67 22.2
2563 252.2 10.6 23.8

Figure 5 shows the relative difference between the reg-
ular dosimetry approach in brachytherapy and the modified
approach where interseed attenuation and tissue composition
are accounted for.

IV. CONCLUSION

The GPU implementation of two dose calculation algo-
rithms was performed and benchmarked. In both cases, the
GPU version was faster than the CPU version. The GPU ac-
celeration achieved with the CS algorithm was sufficient to
greatly improve the responsiveness of the PLUNC graphical

Fig. 5 Relative difference in calculated dose for the regular dosimetry ap-
proach (TG-43) and the modified approach where interseed attenuation and
tissue composition is accounted for. Shadowing effects are clearly visible

interface. Indeed, the original CPU version of the CS algo-
rithm in PLUNC leads to delays in the display of results. The
GPU version allows for an improved user experience.

The modified brachytherapy dose calculation algorithm
was designed to account for interseed attenuation and tissue
composition. Although this strategy is numerically intensive,
it can lead to more accurate results. The GPU implementa-
tion was significantly faster than the CPU version. The ac-
curacy of the modified dosimetry protocol will be evaluated
with Monte Carlo simulations in future work.

From these results, it seems that GPUs and other stream
processors can play an important role in radiation therapy.
Advanced delivery techniques require substantial numerical
tasks, and massively parallel processors can certainly help
in defining more accurate and personalized radiation therapy
plans.
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Abstract—In therapeutic proton beam therapy the choice of 
RBE values for different tissues remains a contentious issue. We 
propose a worst case optimization method based on the phe-
nomenological model for the RBE presented by Wilkens and 
Oelfke (2004). The intention of this approach is to achieve ro-
bustness in the plan towards uncertainties in the parameters of 
the biological effect model. Considering these uncertainties  we 
construct a biological worst case scenario in which the lowest 
effect in the target is assumed to occur simultaneously with the 
highest effect in the non-target tissues.  Optimizing a weighted 
combination of the nominal and worst case effect  allows one to 
account for the uncertainties in the biological data and helps to 
attenuate the impact of the differences in the biological setup. 
The proposed optimization minimizes variations in the target 
volume effective dose in the presence of an uncertain RBE value. 

Keywords—proton therapy, relative biological effectiveness, 
biological optimization. 

I. INTRODUCTION 

Scanned beam delivery techniques used for intensity 
modulated proton therapy (IMPT) [1] facilitate highly con-
formal dose distributions for nearly every desired target vol-
ume. However, the potential risks which arise from range 
uncertainties, organ motion or the influence of a variable 
relative biological effectiveness (RBE) have to be quantified 
and minimized to ensure a secure and successful treatment.  

Although a constant RBE of 1.1 is used in clinical prac-
tice [2], it is still under investigation if the use of a constant 
RBE is sufficient in all cases and whether this is the correct 
value and can be applied to all tissues [3]. These uncertain-
ties are the focus of this paper. 

An approach to optimize the biological effect was previ-
ously developed by our group [3]. This method allowed an 
insight into the influence of a variable RBE on IMPT treat-
ment plans, including the dependence on scanning tech-
niques. In this work we extend this method to account for 
the uncertainties in biological parameters by an optimiza-
tion of the radiobiological worst case effect. 

II. MATERIALS AND METHODS 

A. Biological Effect Optimization 

Based on the linear-quadratic (LQ) model [4], that char-
acterizes the biological system by two parameters α and β, 

Wilkens and Oelfke proposed a phenomenological RBE 
model [5]. Assuming β as being constant, a linear depend-
ence of αP on LET L based on experimental data was de-
rived. The index P denotes here biological parameters of 
tissues irradiated by protons. 

LLP λαα += 0)(                             (1) 

α0 is chosen so that the RBE is 1.0 in the beam entrance 
region. In [3] an optimization of radiobiological effects in 
IMPT was presented. To obtain a homogenous RBE-
weighted absorbed dose (DRBE, the product of absorbed 
dose, D, and RBE in accordance with [6]) distribution, 
given in Gy (RBE), the biological effect 2DDE βα +=  is 
optimized. The quadratic objective function usually used for 
optimizing the dose is modified by replacing the dose with 
the effect E: 

∑ −++=∑ −=
∈∈ Ti
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where the quadratic difference between the effect Ei and the 
‘prescribed effect’ ET is summed up for all voxels in target 
T [3]. This can be easily adapted for organs at risk and tar-
gets with differing maximum and minimum prescribed 
effect [7]. 

B. Worst Case Optimization for Uncertain RBE 

The idea of a worst case optimization was proposed by 
Pflugfelder et al. [8]. This approach optimizes a weighted 
combination of a worst case objective function based on 
worst case assumptions and the nominal objective function. 
In contrast to the here proposed optimization, their approach 
concentrated on a physical dose optimization. 

To account for the uncertainties in the RBE we introduce 
two additional parameters λwc, max and λwc, min that represent 
the uncertainty in λ. These parameters were used to calcu-
late the worst case biological effect for each voxel. If the 
voxel is a target voxel the worst case is the lowest effect and 
vice versa for an organ at risk voxel. This leads to a situa-
tion opposing directly to the initial aim of sparing healthy 
tissue while maximizing the damage in the target. 

We then perform an optimization that considers both this 
worst case effect and the nominal biological effect. We 
optimize the objective function shown in equation (3),  
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Fig. 1 Transversal CT slice of a patient whose left optical nerve (denoted 
as OAR) is surrounded by the CTV. The five incident beam directions are 
indicated by the bright white lines 

where FE is the objective function for the nominal effect and 
FE, wc the respective function for the worst case effect, which 
is weighted by a penalty pwc that controls the importance of 
the worst case effect. 

 wcE,wcE FpFF ⋅+=                           (3) 

By choosing the penalty pwc = 0 the ‘standard’ biological 
optimization [3] is recovered.  

C. Integration into KonRad Inverse Treatment Planning 
System 

The existing biological optimization concept [3] was ex-
tended as explained above and implemented into our re-
search version of our in-house inverse treatment planning 
tool KonRad [9]. 

In principle the worst case optimization should be appli-
cable for all optimization algorithms adapted to RBE opti-
mization, but as the L-BFGS-B algorithm [10] converges 
quite rapidly it was chosen to be first extended towards the 
new method.  

D. Plans and Evaluation 

We want to present a head and neck patient with the 
GTV surrounding the left optical nerve (see Fig. 1). A  

treatment plan comprising five co-planar beams was de-
signed. The dose of 72 Gy (RBE) was prescribed to the  
GTV to be applied over 30 fractions, while the maximum 
dose in the left optical nerve should not exceed 54 Gy 
(RBE).  Nasopharyngeal carcinoma tissue was assigned for 
the GTV. The nominal and worst case lambda values of this 
parameter were set as follows: 

)/(008.0 GykeVm ⋅= μλ                               (4) 

)/(003.0 GykeVm ⋅=Δ μλ                             (5) 

λλλ Δ±= 2max/min wc,                                   (6) 

The nominal λ value was based on biologically opti-
mized plan parameters required to reach a constant RBE of 
1.1 in the GTV for nasopharyngeal carcinoma. The uncer-
tainty Δλ was chosen such that within these limits an RBE 
of 1.1 is possible for all tissues employed in this work.  

The evaluation of the treatment plans was performed by 
comparing worst case and nominal DRBE distributions opti-
mized with different penalties pwc including 0. 

III. RESULTS 

First we needed to find a reasonable value for the worst 
case penalty. Increasing it up to a value of 1.0 leads to better 
agreement of the worst case effect with the effect for the 
nominal lambda value (see Table 1 and Fig. 2). Table 1 shows 
the nominal and worst case DRBE for plans optimized with 
pwc values between 0 and 1. The worst case DRBE is calcu-
lated using the optimized spot intensities to calculate the 
effect using the worst case value of λ. 

Comparing the worst case distributions for the target 
volume an improvement of the target coverage with increas-
ing penalty values is evident. Also the difference concern-
ing the mean dose is lessened by 2 Gy (RBE). 

With an increasing worst case penalty the mean and 
maximum RBE-weighted absorbed doses are shifted to 
higher values in the GTV. Less DRBE is deposited in the left 

Table 1 Analysis of DRBE worst case and nominal distributions optimized 
unsing three different worst case penalties including 0 

  nom worst case 
 pwc 0 0.5 1 0 0.5 1 

Organ        

D1%[Gy (RBE)] 78 82 84 69 74 76 

V95%[%] 95 97 98 4 75 81 GTV 

Mean [Gy (RBE)] 72 75 76 64 69 70 
D1% [Gy (RBE)] 53 47 46 44 40 40 Left optical 

nerve Mean [Gy (RBE)] 29 27 27 32 29 28 
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optical nerve with increasing worst case penalty. While the 
worst case mean dose in the optical nerve is for all penalties 
higher than that of the respective nominal dose distribution, 
the opposite is the case for D1%. The first is due to the worst 
case scenario as expected, the latter is caused by a high dose 
tail of the nominal DVH in the optical nerve (see Fig 2). 
However, the D1% of the left optical nerve stays well below 
the critical value in all cases, so that the shift towards higher 
DRBE values in the GTV for increasing penalty seems not to 
be critical up to this point. 

IV. DISCUSSION 

Although the worst case optimization is not able to match 
the results of the standard biological optimization exactly, 
the inclusion of the worst case effect into the optimization 

results in a better agreement of the nominal and the worst 
case distribution and therefore in some robustness towards 
uncertain RBE values. The DRBE distribution for the worst 
case cannot be improved to match the V95% criterion without 
worsening the nominal distribution for the following rea-
sons. To compensate for the lower estimated effect in the 
worst case scenario the physical dose is increased, when 
changing the penalty from 0 to 1. For the mean dose in the 
GTV this makes a difference of about 6 Gy (RBE). This 
behavior explains why a higher penalty is of no benefit. The 
nominal distribution for pwc set to 0, could be nearly 
matched by the worst case if a higher penalty would be 
chosen. The respective nominal distribution however would 
be shifted to both higher physical dose and consequently to 
higher DRBE values, resulting in violation of the tolerance 
dose of the organs at risk. Furthermore, when optimizing 
with worst case optimization turned on, the LET distribu-
tion in both the GTV and left optical nerve becomes more 
homogenous, reducing the gradient between these two 
structures, thus beyond a worst case penalty of 1.0 only a 
limited improvement in the DRBE is possible.  

Investigations of worst case optimization in other plans 
show that only plans with significant LET variations, as 
they can be found when an OAR is located close to the 
target, were sensitive to variations in λ. 

V. CONCLUSIONS 

The biological worst case optimization is able to account 
for the existing uncertainties in the biological data and gives 
a hint how the plan quality will be influenced if the condi-
tions were different from what we expect. The optimization 
can also attenuate the impact of these uncertainties on the 
plan quality to a certain degree. 

Optimizing the worst case and the nominal effect with a 
worst case penalty of 1 i.e. worst and nominal case are 
weighted equally leads to the most promising results. 

Investigating the influence of the magnitude of the LET 
gradients as well as the evaluation of other patients will be 
subject of future research. 
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Abstract—  The neutron and photon absorbed dose distribu-

tion of the FRM II neutron beam was calculated using 
GEANT4 inside a Voxel phantom. As input of these calcula-
tions, the measured primary neutron spectrum at the patient 
treatment position and a simulated photon spectrum was used. 
It was demonstrated that any RBE-energy data can be used, to 
calculate 3-dimensional distributions of the biologically 
weighted dose from the corresponding absorbed doses. 

Keywords— neutron therapy, GEANT4, neutron dose calcula-
tion, voxel phantom. 

I. INTRODUCTION  

At the MEDAPP facility of the FRM II research reactor, 
neutron therapy treatment has started in June 2007. Up to 
now, measured water phantom depth absorbed dose curves 
are used to determine the patient’s dose.  
In order to include the individual geometry of the patient’s 
body and the different atomic compositions of the patient’s 
organs as well as to introduce a biological weighting of the 
dose deposited by neutrons, a 3D treatment planning system 
is necessary. The Monte Carlo program GEANT4 was used 
here to develop such a system, including a voxel phantom 
as a virtual patient. 

 

Fig. 1 Patient treatment couch with beam exit window on the left 

As a first step, the dose calculation algorithm of 
GEANT4 was extensively validated for neutron transport 
[1,2]. Next, the neutron spectrum at the patient treatment 
position was measured with a Bonner sphere spectrometer. 
This consisted of 16 polyethylene spheres of different sizes, 
applying gold foils as thermal neutron detectors inside [3,4]. 
This spectrum was compared to a spectrum obtained by 
Breitkreutz et al [5] and implemented into GEANT4. A 
preliminary photon spectrum was included in a similar way. 
Finally, artificial RBE data was used to calculate not only 
the absorbed dose deposited by the various secondary parti-
cles [6], but also to demonstrate the possibility of a biologi-
cal dose weighting. 

 

II. MATERIALS AND METHODS 

A. The Monte Carlo Code GEANT4 

GEANT4 version 8.2 was used together with the neutron 
data library G4NDL 3.10, which is based on the ENDF/B-
VI cross section evaluation. The GEANT4 physics list in-
cluded low-energy extensions for photons, electrons and 
positrons. Special low-energy neutron physics was used for 
thermal neutron elastic scattering applying the S( , )-matrix 
for hydrogen in water. These special cross sections take the 
molecular surrounding of the proton in the water molecule 
into account. The neutron physics was extensively tested in 
[1]. 

 
B. Voxel phantom 

As a first test case, the dose distribution of a salivary 
gland treatment field was simulated in a voxel phantom, the 
Reference Female REGINA [7]. This phantom was con-
structed from a CT-scan of a real woman. The Hounsfield 
numbers of the CT were segmented into 141 different or-
gans. These 141 organs correspond to 30 different materials. 
One voxel has a size of 1.775*1.775*4.84 mm3, and there 
are 299 columns, 137 rows and 337 slices of voxels in the 
whole phantom, including the surrounding air.  For the 
presented calculations, only the slices of the head and neck 
region (87) were used. A rectangular beam with 6*7 cm2 
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cross section and a rectangular beam profile was used in the 
simulations. The position of the beam relative to the phan-
tom was chosen similar to the real treatment situation, with 
the help of the skeletal structure of the phantom. 

 
C. Primary neutron and photon spectrum 

The primary neutron spectrum, measured with Bonner 
spheres, was normalized to the total neutron flux of 
3.2*108cm-2s-1 present at the position of patient treatment 
(see Fig. 1) [3]. The resulting start spectrum is similar to a 
Watt spectrum with an additional epithermal and thermal 
part caused by the scattering of the neutrons on their way to 
the patient.  

The photon spectrum has not yet been measured, but a 
preliminary calculated spectrum with poor validity was 
taken as a first approach. The total photon flux was obtained 
from a comparison of calculated and measured depth dose 
curves in a water phantom [8]. The total photon flux was 
2.8*108cm-2s-1. 

For the source terms in the calculations, both the neutron 
and the photon spectrum were integrated and normalized, 
and the energy of each simulated primary source particle 
was determined with the help of random numbers. 

 
D. Biological weighting 

The basic idea was to apply biological weighting on the 
secondary particles produced by the neutrons, at every step 
of the Monte Carlo process. The energy of the neutrons 
from the MEDAPP beam is mainly deposited by recoil 
protons and - to a smaller extent - by alpha particles and 
heavy ions as well as by photons, electrons and positrons. 
At the relevant energies (i.e., below 14 MeV), protons have 
a step length which is much smaller than the typical dimen-
sion of a voxel (1.775 mm). The energy loss of the protons 
was therefore calculated in continuous slowing down ap-
proximation. This had to be included into the dose weight-
ing procedure. As a proof-of-principle, an artificial RBE 
(radio biological effectiveness)–LET (linear energy transfer) 
curve was taken and transformed to an RBE as a function of 
energy including the single-step characteristic of the en-
ergy-depositing particles. This data was used in the Monte 
Carlo simulations to calculate a hypothetical biologically 
weighted dose distribution. 

The artificial RBE-LET curve showed a maximum value 
of 8 at 100 keV/ m. It started at 1 keV/ m with an RBE of 
one and decreased to zero for LET values greater than 200-
300 keV/ m. For a detailed description see [2]. 

III. RESULTS AND DISCUSSION 

A. Absorbed  dose distribution 

The absorbed dose (from neutrons and photons) versus 
depth in a water phantom calculated with GEANT4 includ-
ing a voxelised model of the phantom was validated against 
corresponding measurements in the water phantom [6], and 
very good agreement was obtained. From this it is con-
cluded that the voxelisation algorithm of GEANT4 provides 
reasonable results. Furthermore, it was shown that the direct 
surrounding of the treatment couch does not have any sig-
nificant influence on the calculated dose in the phantom. 
This means that it needs not be included in the calculations 
of doses for a patient. It turned also out that the dose distri-
bution depends only weakly on the exact shape of the neu-
tron source spectrum (especially the epithermal part)[2,6].  

Following this validation, the depth and lateral dose 
curves in the voxel phantom were analyzed and the dose 
distribution displayed graphically [6]. As an example, the 
left panel in Fig. 2 shows the total (neutrons and photons) 
absorbed dose deposited in one sample slice, without any 
biological dose weighting. The absorbed dose distribution 
can be explained by the interaction of neutrons and their 
secondary particles with the different atoms present in the 
organs of the phantom.  For example, the dose behind air 
cavities like the trachea was observed to be higher than at 
places where no such material was present (see Fig. 2). This 
can be explained by the smaller density of the air compared 
with the other materials involved, which results in a smaller 
total neutron cross section. It can also be clearly seen where 
material with low hydrogen content and therefore lower 
dose deposition, like the hard bone material of the skeleton 
structures, is located. 

B. Biologically weighted dose 

In the right panel of Fig. 2, the total absorbed dose distri-
bution shown in the left panel was biologically weighted as 
described above. To be more specific, the absorbed dose 
deposited by primary and secondary photons was weighted 
with an RBE of one, while the absorbed dose deposited by 
primary neutrons was weighted as described in section II.D. 
In both panels, the total irradiation time was assumed to be 
3 minutes. It can be seen that, as expected, the weighted 
dose is higher than the absorbed dose. Furthermore, the 
relative dose decline inside the phantom is steeper for the 
weighted dose distribution (right panel) than for the ab-
sorbed dose distribution (left panel). This is partly caused 
by the fraction of dose deposited by photons: This fraction 
increases with depth in tissue. Because the photons are 
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Fig. 2 Total absorbed dose (left) and total weighted dose (right) distribution in a sample slice inside the Voxel phantom; for biological weighting, an artifi-
cial RBE dependence had to be used, due to lack of experimental data: Data are shown in color wash representation for the doses after 3 min irradiation with 

3.2*108neutrons/cm2s and 2.8*108photons/cm2s are given in Gy  

 
 
 

weighted with an RBE of one, this effect is more pro-
nounced if the biological weighting in included. 

IV. CONCLUSIONS  

The Monte Carlo program GEANT4 was used to de-
velop a patient treatment planning system for the FRM II 
neutron therapy beam in Garching, Germany. The dose 
calculation algorithm was extensively validated, and a 
sample case of a salivary gland tumor field was calculated 
in a voxel phantom.  It was demonstrated that the ab-
sorbed dose as well as a biologically weighted dose can 
be calculated as part of a new treatment planning system. 
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Abstract— Intensity Modulated RadioTherapy (IMRT) 

treatment plan verification by comparison with measured data 

is time consuming. In this paper, a method for monitor unit 

(MU) calculation and plan comparison for step and shoot 

IMRT is described. This procedure is based on the Monte 

Carlo code EGSnrc / BEAMnrc running on a Linux cluster. 

The beamlets of an IMRT treatment plan are simulated indi-

vidually by Monte Carlo and converted in absorbed dose to 

water per MU. A matrix equation representing the dose deliv-

ered by each beamlet in the patient is formed assuming that 

the dose is a linear combination of the MU of every beamlets. 

This equation is solved by a Non-Negative Least Square Fit 

optimization algorithm (NNLS). The dose distribution is ob-

tained by multiplying the Monte Carlo absorbed dose to water 

per MU with the NNLS MU. Various treatment plan localiza-

tions obtained with a commercial treatment planning system 

(TPS) are compared with the proposed method for validation. 

This independent method can be used as an IMRT QA and 

further development could allow this technique to be used for 

other radiotherapy techniques like tomotherapy or volumetric 

modulated arc therapy. 

Keywords— monitor unit verification, Monte Carlo, IMRT. 

I. INTRODUCTION  

IMRT plan verification (QA) is still an issue for medical 

physicists. Independent monitor unit (MU) calculation as 

performed for 3D conformational radiotherapy cannot be 

done for IMRT, because the beamlet weights are calculated 

by inverse planning. Therefore, IMRT QA plan is usually 

performed by comparison of the calculated dose distribution 

with measurements in a water phantom. This operation is 

time-consuming. Besides, the QA plan is not the same as 

the one used for patient treatment. 

IMRT QA has already been investigated by several au-

thors through conventional dose calculation algorithm as 

Clarkson integration [1]. However, those conventional algo-

rithms are not accurate enough to be used as efficient IMRT 

verification tool [2]. Other authors used Monte Carlo meth-

ods, which have shown to have a great potential for dose 

calculation in radiotherapy, especially in IMRT, where 

small fields are involved [3]. 

In this paper, a method for independent MU calculation 

using Monte Carlo calculations and a Non-Negative Least 

square Fit algorithm (NNLS) in the actual patient geometry 

is presented. The only data taken from the TPS is the beam-

let geometry. Several clinical IMRT treatment plans are 

tested in order to illustrate the method. 

II. MATERIALS ANS METHODS 

A. Monte Carlo validation 

The Monte Carlo Code EGSnrc / BEAMnrc was used in 

this work [3]. The head of a PRIMUS linear accelerator  

(Siemens, Germany) was modelled for a 6 MV photon 

beam, using BEAMnrc. The code was compiled as a shared 

library, in order to gain efficiency, and run by DOSXYZnrc, 

which performs dose calculation for every beamlets [4]. The 

incident electron beam parameters were set in order to get a 

good agreement between calculated and measured dose 

distributions. Energy was set to 6 MeV and spatial distribu-

tion was set to be Gaussian with full width at half maximum 

(FWHM) of 0.2 cm. The photon cut off energy and the 

electron cut off energy were set to 10 keV and 700 keV 

respectively. The number of histories was set in order to 

have a statistical uncertainty around 2 % (between 5
.
10

5
 to 

5
.
10

7
 histories).  

Patient dedicated CT images were obtained from a GE 

Lightspeed scanner (GE, USA). Voxel phantoms were gen-

erated from the CT data of the patients using a homemade 

routine. The voxel phantom resolution was between 2 mm 

and 3 mm, depending on the total number of voxels. The 

whole Monte Carlo process ran on a 11 Intel x86_64 Pen-

tium 4, 2.8GHz biprocessors Linux cluster. In that configu-

ration, the calculation time for each beamlet irradiation in 

the voxel phantom was between 20 and 40 minutes. 

The validation of the model was done by comparing 

Monte Carlo and measured Percentage Depth Doses (PDD) 

and dose profiles for field sizes between 1 x 1 cm
2
 to 40 x 

40 cm
2
. Measured data in homogeneous conditions were 

obtained in a water phantom 48 x 48 x 48 cm
3
, using a IC10 

ionization chamber (Wellhöffer, Germany) for field sizes 

from 3 x 3 cm
2
. Below, field sizes were measured using 

EDR2 (Kodak, USA) films in a solid water phantom. Meas-

ured data in heterogeneous conditions were obtained in a 

OCTAVIUS phantom (PTW, Germany) with aluminium 

(2.7 g/cc) and PVC foam (0.07 g/cc) inserts (Fig. 1). 1 x 1 

cm
2
 to 20 x 20 cm

2
 fields were measured with a A1SL ioni-

zation chamber (Standard Imaging, USA). 
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Fig. 1 PTW OCTAVIUS phantom with aluminum or PVC foam insert. 

B. MU calculation method 

Since Monte Carlo relative dose distributions are calcu-

lated in dose per history, they have to be converted to gray. 

The absolute dose D(x,y,z) [Gy] at a point (x,y,z) obtained 

from Monte Carlo doses for an IMRT composed of N beam-

lets is given by  equation (1) [5] 
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i i i
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where DR is the absorbed dose for one MU at the reference 

point in [Gy/U], Di(x,y,z,cMLC) is the Monte Carlo dose at 

(x,y,z) for the i
th

 beamlet with a MLC shape cMLC in 

[Gy/history], D(0,0,zR,cR) is the Monte Carlo absorbed dose 

in the reference conditions, at the reference point in 

[Gy/history] and Ui is the number of MU for the i
th

 beamlet. 

Fi represent the dose per MU for the i
th

 beamlet. 

D(0,0,zR,cR) has to be simulated only once, whereas 

Di(x,y,z,cMLC) has to be simulated for every beamlet. 

The absorbed dose at a point (x,y,z) can be written as a 

linear combination of the beamlets MU with the dose per 

MU for the i
th

 beamlet, namely Fi. Monte Carlo simulations 

are performed in voxel phantoms. Di(x,y,z,cMLC) is known 

for the central coordinate of every voxel Vj and equation (2) 

can be written for M voxels under a matrix form, where 

D
Vi

 = Di(x,y,z,cMLC). 
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 (2) 

Since the aim of this method is to verify independently 

the MU calculated by the TPS, D
Vi

 are taken from the TPS 

DICOM dose file. In fact, this dose distribution is the one 

accepted by the radiation oncologist and that has to be veri-

fied independently. The F components of the matrix are the 

dose per beamlet and per MU calculated from the Monte 

Carlo simulations. Equation (2) was solved with a Non 

Negative Least Square Fit (NNLS) algorithm [6]. This algo-

rithm allows to find the nearest solution, in a least square 

sense, of a linear matrix equation as equation (2), ensuring 

that the solution vector x contains no negative component.  

The patient contains to many voxels to involve them all 

in Equation (2). Thus a choice has to be made among voxels 

to be used in the MU calculation. Four voxel selection 

methods (VSM) have been investigated in order to deter-

mine if the voxel selection has an impact on the MU values. 

  

1. Uniformly distributed fraction of voxels inside the 

patient volume. In this way, every location within 

the patient is considered for the calculation.  

2. Voxels inside the Planning target volume (PTV). 

This voxel selection has the most clinical meaning.  

3. Voxel selection within an isodose surface relative 

to the prescribed dose in the global dose distribu-

tion. This method focuses on voxels with high de-

posited doses.  

4. Voxel selection within an isodose surface relative 

to the maximum of every single beamlet. Voxel se-

lected with this method are around the maximum 

of the dose distribution of every single beamlet. 

Those have the best statistical uncertainties. 

 

VSM 3 and 4 were subsequently abandoned, since the re-

sults were strongly varying depending on which isodose 

surface was considered and since the isodose surface for 

which it was optimal was different for every clinical cases 

tested. The agreement between the TPS MU (U
TPS

) and the 

Monte Carlo/NNLS MU (U
NNLS

) was determined by calcu-

lating the mean square deviation η given by equation (3). 

 

( )
2

NNLS TPS

1

N

i i

i

U U

N
η =

−

=

∑
 (3) 

 

Finally, the impact of a difference in MU on the treat-

ment plan dose distribution was studied for the VSM lead-

ing to the smallest η. Composite distributions were com-

puted [7] with acceptance criteria of 3% for the dose 

difference and 3mm for the distance to agreement. 
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C. Homemade automation software and post-processing 

The whole process of Monte Carlo simulations, results 

post-processing and MU calculation was automated by a 

homemade software. It was implemented in C# using the 

Microsoft .NET framework 2.0. Automation scripts were 

implemented in Perl to facilitate the execution of the Monte 

Carlo utilities on the computer cluster. The Monte Carlo 

input files were generated from the treatment data of the 

TPS rtplink files and the patient CT images. Input files were 

sent to the cluster in order to calculate the dose distribution 

of every separate beamlet. The results were sent back to the 

software. The doses were converted to dose to water by the 

stopping powers ratios [8], and resampled on the DICOM 

dose file with a trilinear algorithm. Doses inside selected 

voxels were put in equation (2). NNLS algorithm was fi-

nally applied on the system and the MU calculated. 

 

D. Clinical tests 

Monte Carlo/NNLS MU calculation method was tested 

on six clinical cases. They were (in order of intensity modu-

lation complexity): Prostate (27 beamlets), pancreas (42), 

meningioma (57), glioblastoma (62), cervix (77) and head 

and neck (99). These treatment plans show a large range of 

anatomical regions and complexity. TPS dose calculation 

were previously validated by comparison with measure-

ments. The whole Monte Carlo/NNLS calculation time 

ranged between 24 and 72 hours per treatment plan. 

III. RESULTS  

A. Monte Carlo validation 

Fig. 2 show a comparison of simulated and measured 

PDD normalized at 10 cm depth. The top part is in homoge-

neous conditions for field sizes 2 x 2 cm
2
, 3 x 3 cm

2
, 10 x 

10 cm
2
 and 30 x 30 cm

2
. The bottom part is in low-density 

heterogeneous condition for field sizes 1 x 1 cm
2
, 3 x 3 cm

2
, 

10 x 10 cm
2
. 

 

B. MU calculation 

Table 1 shows η values for VSM 1 and 2. Fig. 3 shows 

Monte Carlo/NNLS MU plotted against TPS MU for the 

cervix case.  

Table 1 η values for VSM 1 and 2  

Voxels inside prostate Cervix pancreas H&N Menin. Gliobl. 

patient volume 2.4 3.2 2.1 2.6 2.2 2.4 

PTV volume 1.2 1.7 1.4 1.3 1.2 1.3 

Fig. 4 shows a representative transverse plan of the com-

posite distribution of the cervix case. 

 

Fig. 2 Comparison of measured (markers) and simulated (continuous line) 

PDDs in homogeneous condition (top) and low-density heterogeneous 

conditions (bottom). 

 

Fig. 3  Monte Carlo/NNLS MU vs TPS MU. The continuous line is a 

linear fit and the dotted line are 95% confidence interval. 
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Fig. 4  Transverse plan of the composite distribution for the cervix plan. 

This plan is representative of all cases tested. In red, voxels which do not 

pass any of the chosen criteria. In blue, voxels which pass at least one 

criterion. In yellow, the PTV.  

IV. DISCUSSION  

A. Monte Carlo validation 

The results show a good agreement between the Monte 

Carlo dose and the measured relative dose distributions. The 

relative differences between Monte Carlo and measured 

data are below 1 % in the field and in Charged Particle 

Equilibrium (CPE) regions in homogeneous conditions.  

 

B. MU independent calculation 

η values varies depending on the voxels involved. The 

best agreement between the TPS MU and the Monte 

Carlo/NNLS MU (smallest value of η) is reached when 

voxels inside the PTV are involved in the MU calculation: η 

is above 2 for every clinical cases tested with VSM 1, 

whereas η is between 1 and 2 with VSM 2 (Table 1).  

When voxels outside the fields are involved (like in 

VSM 1), the statistical uncertainties are high and do not 

provide relevant information to the system.  

VSM 2 therefore appears to be the best choice for voxel 

selection. This could be explained because the PTV is the 

region where the beamlets are converging. Therefore, those 

voxels contain maximum relevant information and the sta-

tistical uncertainties are globally low. Besides, it makes 

clinical sense to involve voxels located in the zone to be 

treated in the NNLS calculation.  

The correlation between TPS and Monte Carlo/NNLS 

MU is high for every treatment plan tested. Fig. 3 shows 

that almost every points are located inside the 95 % confi-

dence interval, as well as the x=y line.  

Fig. 4 shows that small difference between TPS and 

Monte Carlo/NNLS MU is not clinically significant [2]. The 

fraction of voxels inside the PTV passing the composite 

index distribution is between 97 % and 100 %. Some voxels 

in the whole patient volume do not pass the composite index 

distribution criteria. They are located near the patient sur-

face, where the CPE is not established. Some other voxels 

in heterogeneities do also not to pass the composite index 

distribution criteria, because of partial volume effects. This 

effect can affect the conversion to absorbed dose to water 

can lead to significant dose differences. 

V. CONCLUSIONS  

A new method for independent MU calculation by Monte 

Carlo, for IMRT step and shoot treatment plan verification 

has been developed and validated. This method can replace 

the usual IMRT QA with measurements in a clinical daily 

routine. The procedure could be adapted to other inverse 

planning radiotherapy techniques, like Tomotherapy or 

Volumetric Modulated Arc Therapy. 
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Suggestion for an extended quality assurance in 4D CT and its function in gated 
radiotherapy using a motion phantom  

A. Block1 and A. Mewes1  

1 Department of Radiation Physics and Radiation Safety, Klinikum Dortmund, Germany  

Abstract— The use of a retrospective 4D CT has many 
advantages over a conventional CT because of the additional 
information of tumour and organ motion during one respira-
tory cycle. This enables the determination of patient individual 
treatment margins and more reliable estimation of site effects. 
Furthermore a 4D CT allows the determination of parameters 
for respiration gated radiotherapy such as gating window and 
duty cycle. However, the generation of the CT images is quite 
different in comparison of a conventional CT. 4D CT scans use 
a multi-slice CT scan, which permits evaluation of all 'bins' of 
the 4D data set. For this different CT image generation a new 
quality assurance is necessary, controlling the new features 
and correlations of the additional components. We have devel-
oped an extended quality assurance procedure, which controls 
the geometric size as well as the extension of motion. Because 
the external waveform is monitored by a signal provider 
placed on patient's abdomen or chest, the synchronous motion 
of external signal provider with internal pictured objects of 
interests is to be checked. Another important test for the 
treatment planning system concerns the object density (refer-
ring to the Hounsfield Units (HU)) without and with motion. 

Keywords—Quality assurance 4D-CT, Respiration-gated radio-
therapy 

I. INTRODUCTION  

4-Dimensional (4D) conformal radiotherapy implies the 
explicit inclusion of the time factor at all stages of radio-
therapy planning and delivery. It entails 4D data acquisition, 
treatment planning using information from multiple phases 
of respiration and treatment delivery that incorporates respi-
ration-related changes. A 4D approach has to account the 
intrafractional mobility of both target volumes and normal 
organs. The generation of target volumes using "prospective 
gating" which is performing respiration-triggered CT scans 
for radiotherapy planning has major limitations [1]. When 
only one single CT slice is acquired at each table position 
per respiratory cycle, the respiratory phase in which the 
image acquisition takes place has to be predetermined. To 
get more information about the respiration induced volume 
and/or geometric changes of target volume and organ posi-
tion, multiple CT scans of similar duration are necessary 
[2].  

By using the retrospective 4D CT time depending images of 
target size/shape and organ position are available, which 
allows a patient individual contouring of margins. Further-
more, a retrospective 4D CT is a requirement for 4D radio-
therapy planning and for determining parameters of respira-
tion-gated radiotherapy [3]. Gated radiotherapy can be a 
useful tool for margin reduction of lung and upper abdomi-
nal tumours. 

For the clinical commissioning of a 4D CT scanner in respi-
ration gated radiotherapy the complete data export pathways 
(4D CT - treatment planning system – therapy simulator – 
linear accelerator) has to be controlled for accurate data 
transfer and compatible systems. The purpose of this study 
is to investigate the practicability of a quality assurance 
procedure with a respiratory motion phantom. 

II. METHOD AND MATERIAL 

A. 4D CT scanning procedure 

The gating equipment for recording the breathing pattern 
was the Varian (Varian Medical Systems, Palo Alto, CA 
94304) Real-time Position Management (RPM) system 
version 1.2.2. The RPM system uses an infrared illuminator 
to highlight infrared reflectors attached to a marker block 
placed on the patient's abdomen or chest, which is imaged 
using a CCD camera.  

Our prospective 4D CT scanner is the Lightspeed 8-slice 
CT scanner (GE Medical Systems). Our scanning protocol 
simultaneously generates 4 continuous slices of 2.5 mm for 
a 1 cm total longitudinal coverage per gantry rotation. The 
scanner is operated in axial cine mode. At each couch posi-
tion, data are acquired for at least the duration of one respi-
ratory cycle of the patient, after which the couch is ad-
vanced to the next position. Data acquisition interrupts 
during couch movement. Retrospective sorting of the im-
ages into spatiotemporally coherent volumes is performed 
using the advantage 4D CT software (GE Medical Sys-
tems). Each reconstructed image is assigned to a specific 
respiratory phase ("bin") based on the temporal correlation 
between surface motion and data acquisition. After the 
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acquisition of a 4D CT scan, Advantage 4D software is used 
to resort images into three-dimensional (3D) bins at ten 
selected respiratory phases. 

 
  

B. Respiratory motion phantom 

We simulated the respiratory pattern with the QUASARTM 

respiratory motion phantom (Modus Medical Devices Inc.), 
which allows dosimetric and non-dosimetric tests on radio-
therapy systems. It's a body phantom including different 
moveable cylindrical insert with embedded geometric ob-
jects e.g. 30 mm cube, a 20 mm sphere, a 10 mm sphere and 
a 1 mm steel ball in a solid acrylic housing and with a mo-
tion assembly. In addition, a sheet of PMMA including five 
electron density rods (3 cm diameter by 2 cm long) filled 
with different densities (lung, inner bone, dense bone, Poly-
ethylene or water equivalent densities) has been fixed to the 
acrylic.    

 
C. Analysis of phantom geometry 

To be able to measure geometric structures, we used 
OsiriX which is a free Open-Source image processing soft-
ware dedicated to DICOM images. The inhouse developed 
software ORAT (Organ Respiration Analysis Tool) corre-
lates the movement of inner structures with the movement 
of the marker block [4]. For the analysis of density blurred 
geometric structures we have developed the software Mapa-
lyzer which processes 16-bit density images [5]. 

 

III. RESULTS 

A. Geometric size (motionless) 

In the first check we compared the real with the pictured 
geometric contours and sizes. The CT scan of the mo-
tionless phantom containing the three geometric structures 
(30 mm cube, 20 mm sphere, 1 mm steel ball) has been 
analyzed with the software Osirix. However, the pixel-
exactly longitudinal measurement with 2.5 mm scans results 
in a high imprecision. Even if the structure comes in less 
than 1 mm, it is placed in the slice. Therefore we have a 
resolution limit of 2.5 mm in longitudinal direction. The 
variation of the sphere is 12.5% whereas the one of the cube 
is 8.3%. Within the interval of (30 ± 2.5) mm and (20 ± 2.5) 
mm respectively the geometric transfer precision can be 
checked (Fig. 1). Owing to the small diameter the 1 mm 
metallic ball demonstrates the uncertainty interval in Fig. 1 
(left).     

 
  
Fig. 1. Analysis of phantom geometry: Measurements 1 and 2 concern 

the  1 mm metallic ball, whereas measurements 3 and 4 concern the 30 mm 
cube (left). Complete illustration of the longitudinal movement of the 
geometric structures with a 4D CT. 

 
B. Extension of motion 

An advantage of a 4D CT is the quantitative depiction of 
the motion track of dynamical targets. For the quality assur-
ance it is important to compare and measure the pictured 
extension of motion with the predicted extension (sum of 
the object size (motionless) and the movement amplitude). 
Fig. 1 exhibits a complete illustration of the longitudinal 
movement with a 4D-CT.  

The steel ball high density image influence of 
neighbourly scans appears to be too large (about 40% fail-
ure). The external detector graphic has to be reproducible at 
all stations (4D-CT, simulation unit, linear accelerator). 

To measure the distance of movement, the Maximum In-
tensity Profile (MIP) mode has to be chosen because in the 
Average Intensity Profile (AveIP) mode it cannot be exactly 
determined even if the Mapalyzer Software is used. The 
AveIP mode is to be chosen to make a transfer to the TPS 
because the HU in this case are related more realistic to the 
real density. 

 
Fig. 2. Track evaluation of the movable cube structure with the inhouse 

developed software mapalyzer. The red line (upper line) analyses the MIP 
mode whereas the blue line (underneath line) analyses the AveIP mode. 
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Fig. 3. Track evaluation of the movable steel ball structure. Red line 

(upper line): MIP mode; blue line (underneath line): AveIP mode. 
 
The unsharpened edges in movement direction of e.g. the 

cube are due to the fact, of only occasional stays of the cube 
in the subsidiarities (Fig. 2).  

The diameter of the metal sphere is smaller than the am-
plitude of movement, therefore the maximum density is at 
the ends of the distance of movement because the duration 
of residence is shorter in the centre of that at the turning 
points (Fig. 3). 

To measure the distance of movement, the Maximum In-
tensity Profile (MIP) mode has to be chosen because in the 
Average Intensity Profile (AveIP) mode it cannot be exactly 
determined even if the Mapalyzer Software is used. The 
AveIP mode is to be chosen to make a transfer to the TPS. 

 
C. Synchronous  motion 

 
 
Fig. 4. ORAT software to proof the synchronism of the signal process-

ing and the different motion pattern.  

The motion curves synchronism of external marker, in-
ternal objects and acquired images of objects (CT/Fluoro) is 
another important point for checking the reliability of a 4D 
CT. Signal timing and image handling with camera, com-
puter and frame grabber can result in asynchronous data. 
Using the ORAT software the synchronous inputs of the 
phantom movements allow a time correlation of the internal 
motion seen in the 4D CT and the external signal provider 
as well as between two motion curves (e.g. CT and linear 
accelerator). 

 
D. Object density 

By the inner movement curve the probability of residence 
can be calculated. The bigger the gradient, the smaller is the 
duration of residence. The 30 mm alternate cube did a dis-
tance of 20 mm. In the imaging of the 4D-CT (non-gated) 
the overlapped area of the length of 6 mm in which the cube 
keeps its density can be recognized. 

 
E. Motion reduction with gating 

 

 

Fig. 5. The structures of Fig. 3 (above) and Fig. 4 (underneath) after 
setting a gating window at the Advantage 4D console.  
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Table 1  Composition of  check points for 4D CT 
 

scope possibilities method of  
evaluation 

a) geometric size, 
motionless 

real <> pictured OsiriX DICOM-
Viewer 

given values 

30 mm cube, 20 mm
sphere,1 mm steel 
ball 

pixel-exactly longitudinal measure-
ment with 2.5mm scans, longitudi-
nal resolution is 2,5 mm 

 

b) extension of 
motion 

real <> detected <> pictured OsiriX DICOM-
Viewer 

given values 

motion in superior-
inferior 

20 mm 

 

complete illustration of longitudinal 
movement with 4D-CT. 

Unsharpened edges in movement 
direction (cube).Steel ball high 
density image influence of 
neighbourly scans appears to be too 
large. (about 40% failure). External 
detector graphic has to be reprodu-
ceable at all stations (4D-CT, Simu-
lation Unit, Linac). 

 

c) synchronous 
motion 

external <> internal <> pictured ORAT-Software 

given values 

typical patient 
respiratory cycle 
(15 per minute) 

external Motion 10 
mm (marker block)  

Motion Curves of external marker, 
internal objects and aquired images 
of objects (CT/Fluoro). 

Signal timing and image handling 
with camera, computer and frame-
grabber can result in asynchronous 
data. 

 

d) object density motionless / in motion <> ungated / 
gated 

Mapalyzer-
Software 

given values 

acryl-body: 126 HU 

cube: 340 HU 

 

By the inner movement curve the 
probability of residence can be 
calculated. The bigger the gradient, 
the smaller is the duration of resi-
dence. The 30 mm alternate cube 
did a distance of 20 mm. In the 
imaging of the 4D-CT (non-gated) 
the overlapped area of the length of 
6 mm in which the cube keeps its 
density can be recognized. 

 

The aim of respiration gated radiotherapy is to "freeze" 
the tumor mobility. The gating window is fixed at the Ad-
vantage 4D console under control of the residual internal 
motion. The amplitude of the residual internal motion 

should be the same in 4D CT, therapy simulator and linear 
accelerator. This amplitude and the time constancy (e.g. 
monthly) must be checked. Fig. 5 demonstrates the analysis 
of the residual internal motion with the software mapalyzer.  

IV. CONCLUSIONS 

Our results display a superior quality assurance proce-
dure for a retrospective 4D CT. We have developed a 
method for checking the real account of motion extension 
(ungated and gated) in a 4D CT and the transfer chain. The 
amount of time which is needed is 45 minutes for set up and 
measurement at the CT and nearly 90 minutes for evalua-
tion. We suggest to perform these quality assurances 
monthly or after each technical service operation. We are 
going to work on a software solution for the evaluation 
procedure to save time.   
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On-line compensation of dose changes introduced by tumor motion during scanned 
particle therapy 

R. Lüchtenborg1, N. Saito1, N. Chaudhri1, M. Durante1, E. Rietzel1,2, and C. Bert1 

1 GSI Helmholtzzentrum für Schwerionenforschung / Biophysics,  Darmstadt, Germany  
2 Siemens Healthcare Sector, Workflow & Solutions, Particle Therapy, Erlangen, Germany 

Tumor irradiations using scanned particle beams provide 
superior target conformity and dose homogeneity for station-
ary tumors. In case of intrafractional motion interference 
between beam scanning and tumor motion causes deteriora-
tions of the deposited dose distributions necessitating dedicated 
motion mitigation techniques. Different techniques are cur-
rently investigated at GSI. The most favorable among them in 
terms of target conformity and sparing of organs at risk and 
normal tissues is beam tracking, i.e. adapting the Bragg peak 
positions on-line according to the tumor motion in all three 
dimensions. Adaptation of Bragg peak positions only does not 
mitigate possible dose changes along the beam's path. Consid-
eration of the respective dose changes has been shown to be 
beneficial for a future clinical implementation of beam track-
ing but has to be performed on-line, i.e. during treatment, 
because of tumor trajectory variations between different respi-
ratory cycles. Functionality to account for these dose changes 
caused by tumor motion has been implemented in the experi-
mental branch of the therapy control system at GSI. Basic 
functionality of the on-line dose compensation was tested ex-
perimentally with a series of measurements in 2D with radio-
graphic films and in 3D with an array of ionization chambers. 
In both cases a reference irradiation could be reproduced 
using the dose compensation functionality. In case of the ioni-
zation chamber measurement severe over- and under-dosages 
of up to 25% compared to reference irradiation for 3D beam 
tracking without on-line dose compensation could be reduced 
to below 3% by additionally employing the dose compensation 
functionality. It has been shown that the fluence of every 
rasterpoint can be individually adapted during irradiation.  

Keywords— particle therapy, beam tracking, moving target, 
organ motion 

I. INTRODUCTION  

At GSI 440 tumor patients have been successfully treated 
between 1997 and 2008 using scanned carbon pencil beams 
[1-3]. Tumor irradiations have been restricted to sites that 
are not subject to intrafractional motion. 

A. Beam Tracking 

Beam tracking adapts the Bragg peak position according 
to the tumor motion [4]. Adaptations in lateral as well as 

longitudinal direction are required. Tracking is the techni-
cally most challenging motion mitigation technique as mo-
tion monitoring as well as on-line beam adaptation have to 
be performed.  

At GSI, the therapy control system (TCS) has been ex-
tended with beam tracking functionality [5]. 

B. Motion induced dose changes 

Although the major dose contribution of charged parti-
cles is deposited in the vicinity of the Bragg peak position 
non negligible dose is deposited in the tissue proximal of 
the Bragg peak. For stationary targets these dose contribu-
tions can be accurately considered in treatment planning 
while for moving tumors treated with beam tracking the 
beam path in the tissue changes despite adaptation of Bragg 
peak position (see Fig. 1). These dose changes can only be 
compensated on-line during treatment delivery because they 
depend on the temporal correlation of target motion and 
beam delivery which possibly changes, e.g. due to varia-
tions in the tumor motion trajectory or period. 

 

Fig. 1 Comparison of dose deposition (shade of color) in a reference 
motion phase and in an arbitrary motion phase i for beam tracking. The 

beam direction is indicated by arrows. The dashed line represents the beam 
direction in the reference phase (from [6]).  

The dose delivered to anatomical position of rasterpoint k 
during irradiation of rasterpoint l in motion phase i is de-

fined as . With this definition the total dose  

received by rasterpoint k when irradiating nearby raster-
points can be written as:  
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The treatment planning software TRiP [7,8] has been ex-
tended to 4D capability, i.e. treatment planning for moving 
targets [9]. The main approach is equivalent to 4D-CT gen-
eration: Target motion is subdivided into different motion 
phases. Treatment delivery by tracking is based on adapta-
tion of a reference treatment plan that is optimized for one 
of the motion phases which was selected as reference.  

If the difference between  according to treat-

ment planning and  according to the on-line meas-

ured data is known while rasterpoint k is irradiated the 
rasterpoints’ nominal dose from treatment planning  
can be adapted on-line: 

kD nominal,pre

kD actualpre,

kDTP

.nominalpre,actualpre,TPcomp
kkkk DDDD   (2) 

C. Simulation of Tumor Treatments 

An algorithm to compute a database that provides the 
possibility to calculate the  values during irradiations 

has been implemented in TRiP [

kDcomp

9]. In a treatment planning 
study based on 4D-CT [10] data, treatment of lung tumors 
by carbon beam tracking has been simulated with and with-
out compensating motion induced dose changes. Twelve 
simulation runs with different sets of motion parameters 
(i.e. motion period and initial motion phase) have been 
performed. Exemplary the result for one of the patients are 
reported. For the simulations, the gross tumor volume was 
considered as planning target volume (PTV); no uncertain-
ties but target motion which was mitigated by beam track-
ing were considered.  The dose coverage of the PTV as well 
as the dose deposited in the ipsilateral lung are summarized 
as envelopes of the resulting 12 dose volume histograms 
(DVH) in Fig. 2. 

While the dose to the ipsilateral lung shows virtually no 
difference between tracking with or without dose compen-
sation, there are remarkable differences in the dose coverage 
of the PTV. If only tracking is used between 86.5% and 
97.8% of the PTV received at least 95% of the planned 
dose. If in addition dose compensation functionality is em-
ployed between 99.3% and 99.8% of the PTV received at 
least 95% of the planned dose.  

For this patient, it could be concluded that beam tracking 
is only successful if motion induced dose changes are com-
pensated. If motion compensation functionality is used 
tracking has the potential to uniquely combine excellent 
target volume coverage and superior normal tissue sparing 
for intrafractionally moving tumors. 

II. MATERIALS AND METHODS 

Functionality to compensate motion induced dose 
changes on-line has been implemented in the GSI treatment 
control system (TCS). In addition, treatment plans have 
been extended by a Lookup Table providing the database 
for calculation of dose compensation values. The database 
has been calculated using the algorithm presented in [9]. 

Compensation values  are calculated on-line dur-

ing irradiation and nominal rasterpoint fluences are adapted 
accordingly. 

kDcomp

The implementation was experimentally tested with a se-
ries of measurements in 2D with radiographic films and 
dosimetrically in 3D with an array of ionization chambers. 

 

Fig. 2 Result from treatment simulations using measured lung tumor 
trajectories. Comparison of dose deposition to the PTV (top) and to the 
ipsilateral lung (bottom) for carbon ion beam tracking with and without 

dose compensation, respectively. The envelope of twelve different sets of 
motion parameters is shown (from [6]).  

A. 2D measurements: Radiographic films 

Two treatment plans have been designed to test the pos-
sibility to adapt rasterpoint fluences.  The first treatment 
plan, referred to as Homplan, consists of a square with con-
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stant fluence per rasterpoint resulting in a homogeneous 
dose distribution. The second treatment plan, referred to as 
Stripeplan has the same dimensions but is divided into 4 
stripes of different fluences. Details about the treatment 
plans are composed in Tab. 1. 

Table 1 Treatment plan details. Rasterpoint spacing was 3 mm, a beam 
energy of 232.2 MeV / u was used. 

Treatment Plan Size / Rasterpoints Fluence / Particles 

Homplan 4040  6102  

Stripeplan 4040  66 104.2104.1

 
The experiment was designed to test the dose compensa-

tion functionality without moving the target. For this pur-
pose, a dedicated Lookup Table has been computed to yield 
the Stripeplan pattern while using Homplan.  

Three irradiation scenarios have been measured:  

1. Hom: Homplan has been irradiated without dose com-
pensation functionality, 

2. Stripe: Stripeplan has been irradiated without dose 
compensation functionality, 

3. Comp: Homplan has been irradiated with dose compen-
sation functionality to deliver the Stripeplan pattern. 

For all irradiations radiographic films free in air have 
been used as detectors. Films were developed and digitized 
according to [11]. Normalized film responses 0SS  are 

reported. 

B. 3D measurements: Ionization chamber array 

A 3D treatment plan containing slices of different water-
equivalent depths has been designed to test the dose com-
pensation functionality. For dose verification an array of 
ionization chambers positioned inside a tank filled with 
water [12] has been employed. The target area was designed 
to contain the proximal four ionization chambers. 

During irradiation the water phantom was rotated by 14º. 
Tracking parameters (lateral and longitudinal) and a dose 
compensation Lookup Table were calculated.   

Three different measurements have been performed: 

1. Ref: The water phantom was in a reference phase (i.e. 
not rotated), neither tracking nor dose compensation 
have been applied, 

2. 3DPos: The water phantom was rotated by 14º and 
tracking but no dose compensation was applied, 

3. 3DDose: The water phantom was rotated by 14º and 
tracking as well as dose compensation was applied. 

 

If  denotes the dose measured in the respec-

tive measurement normalized dose differences 
tmeasuremenD

RefRef3DPos DDD  and RefRef3DDose DDD , respec-

tively, are reported. 

III. RESULTS 

A. 2D measurements: Radiographic films 

Film responses for the different irradiation scenarios are 
plotted in Fig. 3. Despite some artifacts caused by poor 
beam quality during this experimental beamtime, the film 
responses for Stripe and Comp are in good agreement.  

 

Fig. 3 Film response and line profiles for different experimental setups. 
The dose compensation functionality was employed to deliver the Stripe 

pattern in Comp while using the treatment plan used in Hom.  

B. 3D measurements: Ionization chamber array 

The dose values measured by the ionization chambers in-
side the target volume are shown in Fig. 4. While severe 
over- as well as under-dosages of up to 25% can be seen for 
3DPos, the differences between 3DDose and Ref are below 
3% for all ionization chambers. 

IV. DISCUSSION 

The presented experimental setups provided the possibil-
ity to test all elements of the dose compensation functional-
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ity with a stationary target. Different sources of uncertain-
ties have an impact on the performed dose measurements. 
For the measurements with radiographic films, the dominant 
uncertainty was the poor beam quality of the experimental 
beamtime that leads to slight differences in the film re-
sponses of Hom and Comp. 

 

Fig. 4 Normalized dose differences. If only the position is adapted (3DPos) 
severe under- and over-dosages can be seen while the measurement em-

ploying  tracking in combination with dose compensation (3DDose) yields 
doses compatible to the stationary reference irradiation. 

For the measurements with tracking in 3D using the pin-
point ionization chamber array as detector, Bert et al. re-
ported setup and tracking uncertainties of ~0.75 mm [13]. 
The background of the electrometer is reported to be 0.5-1.0 
mGy / min [12] yielding a relative uncertainty of ~0.2% for 
this measurement. Other errors, like the uncertainty in the 
W-value or the position uncertainty of the ionization cham-
bers cancel out because ratios of measurements are reported. 

In a next step, an experimental setup with moving targets 
is planned. Hardware, especially memory capacity of the 
TCS for the Lookup Table, will be extended to allow for an 
enlarged target area encompassing more ionization cham-
bers. 

V. CONCLUSION 

From the 2D as well as the 3D measurements it is con-
cluded that the fluence of every rasterpoint can be individu-
ally adapted on-line based on pre-calculated Lookup Tables. 
Experiments to test the implemented dose compensation 

functionality with moving targets will be performed in 
summer 2009. 
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Abstract—The role of radical dose radiation therapy (RT) in 
the management of non-metastatic prostate cancer is estab-
lished. To prevent secondary effects at organ at risk (OAR) is a 
primary condition. The dose-volume relationship has been 
studied in many Institutions and the application of dose vol-
ume histogram (DVH) constraints is currently the most reli-
able way to prevent rectal and bladder toxicity. In this work 
we studied the ability of artificial neural networks (ANN) to 
predict acute rectal and urinary bladder toxicity induced by 
radiation. Data were obtained from 159 patients, who were 
treated at Istituto Europeo di Oncologia (IEO, Milan IT) be-
tween 2006 and 2008 with radical radiotherapy using a 3D 
dynamic arc conformal technique, supported by image guid-
ance devices. We designed the network architecture as a feed-
forward multilayer perceptron net, with a single hidden layer. 
The aim of this preliminary study was to minimize false nega-
tive predictions. The trained ANNs were applied on a dataset 
of 7 testing cases. In both acute rectal and bladder toxicity, the 
prediction score was 100% for positive values (medium/severe 
toxicity) , 60% for negative values (no or light toxicity), giving 
raise to an overall performance of the network of 71.43% of 
the testing cases.  

Keywords—Artificial Neural Networks (ANN), acute rectal 
toxicity, acute urinary bladder toxicity, prediction of complica-
tions, radiotherapy. 

I. INTRODUCTION 

Prostate cancer is the most common male malignancy. 
The role of radical dose RT is well established in the man-
agement of non-metastatic prostate cancer. It has been 
shown that there is an improvement in both biochemical and 
clinical local control when doses higher than 76 Gy are 
delivered. This makes it necessary to establish a reliable 
way to control the toxicity to organs at risk (OAR) and in 
particular rectal and bladder acute toxicity. The dose to 
these organs is known to be the most critical issue in this 
kind of treatment.  

For this reason, the dose-volume relationship has been 
studied in many Institutions and, at present, the application 
of DVH constraints is the most reliable way to prevent OAR 
toxicity. In our Department, DVH constraints have been 
established and are routinely applied in clinical practice. 
DVH based treatment planning methods suffer however 
from being highly dependant upon the specific protocol, 
including for example organ delineation protocol and/or 
specific treatment technique.  

Attempts have been made to predict normal tissue re-
sponse based on radiobiological models i.e. calculating the 
normal tissue complication probability (NTCP). Radiobio-
logical models have been widely employed to compare 
radiation techniques, although their ability to make accurate 
predictions has been greatly debated [1]. 

ANNs represent a computational method that simulate 
the behavior of a natural neural network. Ideally, it is possi-
ble to build an ANN with an arbitrary number of hidden 
layers and nodes. Nodes are the corresponding units of the 
synapses, and each layer is ruled by a transfer function. The 
transfer functions can be of different nature: linear, loga-
rithmic or sinusoidal functions are typically applied. The 
weights related to each node represent the importance that 
connections have in the corresponding output values. Com-
pared to statistical approaches, ANNs usually produce best 
performances when no significance difference is evident in 
how a set of inputs produce combined effects.   

In this work, we explored ANNs potentialities in predict-
ing acute rectal and bladder toxicity induced by image-
guided prostate irradiation. With respect to previous pioneer 
studies of ANNs application in radiation therapy [2-8], we 
designed the neural based method in order to increase its 
sensitivity to true positives, thus minimizing the event of 
false negative predictions. Although the work is presented 
as a feasibility study, a considerable amount of patient (159) 
were used for networks training and validation. Obtained 
results support the hypothesis that ANNs can play an impor-
tant role in radiotherapy treatment plan optimization. 
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II. MATERIALS AND METHODS 

A. Patients 

We used data coming from 159 patients, treated at the 
European Institute of Oncology (IEO) in Milan, Italy be-
tween 2006 and 2008 with radical radiotherapy using a 3D 
dynamic arc conformal technique. 79 patients were treated 
with a total dose of 70.2 Gy to the prostate gland. 80 pa-
tients were treated with a dose of  54-56.7 Gy to the prostate 
gland plus seminal vesicles, then boosted to 70.2 Gy to the 
prostate gland only. Patients received a dose of 2.7 
Gy/fraction to the ICRU point, 1 fraction/day, 5 days/week. 
Clinical data are summarized in table 1. 

Table 1 

Clinical data  
Number of patients 159 

Age: y, median (range) 74 (45-83) 

Risk cathegory (NCCN°2007): number (%)  

High 17 (11) 

Intermediate 67 (41) 

Low 75 (47) 

Prescription  

Prostate + seminal vesicles: number (%) 80 (50) 

Prostate:  number (%) 79 (50) 

Gleason score: number (%)  

2-6 87 (55) 

7 57 (36) 

8-10 15 (9) 

Initial PSA (ng/ml) median (range) 7 (0.6-82) 

Volumes: (cm3) median (range)  

Rectum  69 (266-32) 

Urinary Bladder  273 (941-54) 

CTV prostate 45 (119-15) 

PTV prostate  101 (219-39) 

CTV prostate+seminal vesicles  51 (116-22) 

PTV prostate+seminal vesicles 123 (230-42) 

Total radiation dose (Gy) 70.2 

RT Gastro-Intestinal acute toxicity*  

G0 92 

G1 47 

G2 18 

G3 2 

G4 0 

* Radiation Therapy Oncology Group/European Organization for Research 
and Treatment of Cancer Criteria, RT – Radiotherapy; PTV –Planning 
target volume; CTV- clinical target volume; NCCN – National Compre-
hensive Cancer Network. 

Among all the information collected by clinicians, we 
decided to select a relative small number to be provided as  
inputs for the networks. For the prediction of the acute tox-
icity of rectum (gastro-intestinal, GI), we used as  
inputs: age of the patient, risk category, prostate resection 
pre-RT, ormonotherapy, other pathologies, prostate\ 
prostate+seminal vesicles, days of RT, rectal volume receiv-
ing the 30% of the total dose (DVH30), rectal volume re-
ceiving the 60% of the total dose (DVH60), total rectal 
volume [cc], planning target volume (PTV) [cc]. For the 
prediction of the acute toxicity of urinary bladder (genito-
urinary, GU), we added to these fields two more input 
nodes: bladder volume receiving 50% of the total dose 
(DVH50) and the total bladder volume [cc]. We maintained 
in GU the rectal volume as input node because we supposed 
that this variable could influence the position of the 
prostatic gland and its interactions with urinary bladder.  

As reported in Figure 1, no significant difference be-
tween the selected input data could be observed, thus hin-
dering the applicability of  standard statistical approaches. 

 
Fig. 1 mean ±STD in toxicity grade 0 (black line) vs grade 1 (red dotted 
line) 

GI and bladder GU acute toxicity were collected in ac-
cordance with clinical practice, assigning a score ranging 
from 0 to 4 as a function of the discomfort manifested by 
the patient. A score of  zero means no toxicity effects; a 
score four indicates that serious symptoms (such as bleeding 
and secondary injuries) present requiring specific medical 
care. It is important to point out that the assigned score is 
inevitably affected by subjective considerations.  

Network output values to be used for training were ob-
tained by grouping the scores 0 and 1 cases into a unique 
“no or light toxicity” category with value zero; toxicity 
scores 2 and 3 were grouped into a “mild or severe” group 
with value 1. 



Feasibility Study of the Use of Artificial Neural Networks in Predicting Acute Rectal  455

 

  
 

IFMBE Proceedings Vol. 25

 

 

Table 2 

INPUT GI GU 
Grade 0 139 90 
Grade 1 20 69 

   
Distribution of grade 0 and 1 in GI and GU toxicity analysis. 

Despite this, table 2 shows the poor amount of grade 1 
cases with respect to the total number of evaluated cases. 
This clearly cause a polarization of the database towards 
negative values (especially for GI) with implications in the 
capability of the networks in predicting positive outputs. A 
specific network selection method for minimizing this prob-
lem is described in the following paragraphs. 

B. Net Architecture  

We decided to build in MATLAB® (The MathWorks, 
Inc.) the simplest ANN architecture that could represent the 
possible relationship between inputs and outputs. Our 
choice was a feed-forward multilayer perceptron network 
with a single hidden layer. In order to satisfy the intrinsic 
non linearity in the nature of the problem, the transfer func-
tion of the first layer (from input to the hidden layer) was 
set to be a sigmoid. For the output layer a linear transfer 
function was used. The structure of the network is reported 
in figure 2.  

Two different networks were designed and implemented 
for GI and GU, respectively. According to input and output 
data, we considered a net of 11 inputs with 1 output node 
for GI, 13 inputs with 1 output node for GU. 

 
Fig. 2 Network structure 

We set a learning rate (magnitude of weight updates) of 
0.01 and an initial momentum of 0.001. Momentum was 
used in order not to be stopped in local minima, as this term 
is usually considered as a low pass filter. 

The Levenberg-Marquardt training algorithm was chosen 
because of its efficiency in training simple feed-forward 
networks. 

We proceeded as follows: 

- We divided randomly the database into three sub-
set: 142 cases for the learning phase (DB1), 10 
cases for a first simulation and selection of the best 
network architecture (DB2), 7 cases to simulate the 

chosen network (DB3). Two cases featuring value 
1 as output (mild/severe toxicity) were always ran-
domly in DB2 and DB3. 

- Varying iteratively the number of neurons in the 
hidden layer, we trained a great number of net-
works with randomly initialized weights and  
biases. 

- We used DB2 to simulate the obtained networks 
and to select the ones featuring the best perform-
ance in toxicity prediction (difference between 
predicted and actual toxicity score less than 0.5); 
among these we perfomed a further selection of the 
network featuring the lowest mean square error 
(MSE). 

- The selected network was used to simulate DB3 
outputs, mimicking a real clinical application of the 
trained best performing architecture. 

The implemented training and selection method produced a 
GI and GU optimized networks with 87 neurons and 89 
neurons in the hidden layer, respectively. The results of 
their testing on DB3 data are reported in the next paragraph. 

III. RESULTS  

Gastro-Intestinal Toxicity (GI) 
Output simulation of DB3 for GI is reported in figure 3, 

where stars represent the desired outputs and orange boxes 
the net simulation outputs. The net itself did not produce a 
perfect simulation but the tendency to reduce false negative 
prediction is clearly evident. The MSE of the relative dis-
tance between desired-simulated outputs was 1.62. 

 
Fig. 3 Comparison between desired outputs (green stars) and simulated 
outputs (orange boxes) in GI analysis 

Genito-Urinary Toxicity (GU) 
Similarly to GI, output simulation of DB3 in GU cases 

are reported in figure 4. In this case the simulation seems to 
produce better results than in GI, with values much closer to 
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the desired output. The mean square error of the relative 
distance between desired-simulated outputs is 1.22. 

 
Fig. 4 Comparison between desired outputs (green stars) and simulated 
outputs (orange boxes) in GU analysis 

Simulated values covered the range [–Inf +Inf] according 
to the linear transfer function of the output layer. Prediction 
results after a thresholding operation with threshold value 
equal to 0.5, are reported in table 3. 

Table 3 

GIdesired 0 1 0 0 1 0 0 
GIsim 0 1 0 1 1 0 1 

 
GUdesired 0 1 0 1 0 0 0 
GUsim 0 1 1 1 0 1 0 

Comparison between desired outputs and simulated outputs when a 
threshold is applied. 

In both cases (GI and GU) the accuracy was 100% for 
positive values, 60% for negative values, 71.43% overall. 

IV. CONCLUSIONS 

Results suggested that the networks that were selected 
using our method were useful to simulate real cases avoid-
ing false negatives. None of the positive cases in both GI 
and GU trials were classified as negatives after networks 
outputs thresholding with a threshold of 0.5. Two false 
positive predictions were instead obtained. 

GU toxicity predictions were found to be more accurate 
than GI cases, probably due to a more consistent presence 
of positive cases in the database used for network training. 
The low number of mild/severe toxicity cases which could 
be used for network training are believed to greatly influ-
ence the obtained performance.  

Further tests on a considerably enlarged database are 
needed to reinforce the reported preliminary results. The 
inclusion of a much higher number of cases in the network 
training phase is also believed to allow more complex net-
work architectures as well as the inclusion in the input  
dataset of important clinical aspects for treatment optimiza-
tion, such as presence and typology of image guidance 
technologies. 
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Abstract— State of the art radiation therapy devices offer 
the possibility to acquire images directly before the treatment 
of the patients. These images can be used to correct for the 
position of the patient or to recalculate dose on a changed 
patient anatomy. 

In this work a QA program for such an imaging modality is 
presented on the basis of a TomoTherapy Hi-Art II system. 
The QA program consists of weekly, monthly and biannual 
checks of the imaging device. 

The results of the performed QA measurements were all 
within the tolerances of the system. 

The imaging capability of the TomoTherapy Hi-Art II sys-
tem is an excellent tool for image guided positioning of the 
patient. Furthermore it is possible to perform a reliable dose 
calculation on the basis of the acquired images.    

 
 
Keywords— Imaging, QA Program, Tomotherapy, IGRT, 

MVCT 

I. INTRODUCTION  

In image guided radiotherapy (IGRT) images obtained 
directly before the delivery of the therapeutic dose are used 
to correct the patient position according to the planning CT 
scan. Furthermore these images can be used to adapt the 
initial treatment plan to a new patient anatomy, which might 
be due to a loss of weight or tumor regression for example. 

To use images from the treatment delivery system for 
clinical decisions on the treatment of the patient, either set 
up corrections or calculation of the applied dose, these im-
ages must be included in a quality assurance (QA) process. 

In this work the experience with an image quality QA 
program is presented. The QA program was established at 
TomoTherapy Hi-Art II system where a mega-voltage CT 
[1-4] is used to acquire patient images directly before the 
treatment of the patient.  

 

II. MATERIAL AND METHODS 

A. Weekly 

To ensure a constant quality of the Mega-Voltage-CT 
(MVCT) scans on the TomoTherapy Hi-Art system a scan 
of a self-developed phantom (see fig. 1) was integrated in 

the weekly machine QA program. The phantom consists of 
a 1 cm Perspex plate, a 5 cm solid water slab and 2 small 
cylinders with different densities. On the Perspex plate steel 
balls are integrated to check for the scaling and the position 
of the images. Additionally one cylinder with drillings of 
different diameters and different distances is included. With 
this check three Hounsfield (HU) values, image quality and 
the correct geometry of the images are monitored. 

 
 

 

Fig. 1  Upper left: Picture of the self-developed phantom. Upper right: CT-
scan of the phantom through the region with the different inserts. Lower 
left and right: CT-scans in the region of the steel balls (white arrows).  

 
 
 

B. Monthly 

The dose to the patient received during a MVCT scan is 
observed on a monthly base by measuring point dose in a 
water equivalent phantom with a diameter of 30 cm. For 
this measurement the density inserts from the phantom 
shown in figure 2 are replaced by water equivalent inserts. 

For the measurement of the dose two small ionization 
chambers (A1SL, Standard Imaging Inc., USA) are placed 
in the phantom. One is placed in a lateral and one in a cen-
tral position of the phantom. 
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The CT-scan is performed with the parameters set to 
‘normal’, which corresponds to a field with of 4 mm and a 
pitch of 2. The resulting slice distance is 4 mm.   

 
 

C. Biannual 

The complete calibration table for 12 HU values is 
checked biannually by measuring inserts of different densi-
ties in a water equivalent phantom. A typical CT-slice is 
shown in figure 2. For the evaluation a ROI is drawn in 
each insert and the medium value is reported. 

 

Fig. 2   Right: CT-scan of the water equivalent phantom in the region with 
the 12 different HU inserts. Lower left: Coronal reconstruction from the 

same CT-scan.  

 

III. RESULTS 

A. Weekly 

For all the weekly QA scans the steel balls, which are po-
sitioned on the lasers for the virtual isocenter, were dis-
played accurately in the isocentric planes of the image set. 
The deviations of the distances between the steel markers 
were less than 1% of the distance. 

The HU values measured each week were within clinical 
acceptable tolerances (see fig. 3). In nearly all the scans the 
4th row of the drillings was visible as an indicator for the 
image quality. 
 

 

Fig. 3   Measured Hounsfield Units over time for the different inserts with 
densities equivalent to bone, water and lung tissue. For each insert the 

mean value is indicated by a solid line. 

 
B. Monthly 

The mean measured point dose at the lateral position was 
1.1 cGy +/- 0.23 cGy. At the central position the mean value 
was 0.97 cGy +/- 0.3 cGy. 

 

 

Fig. 4   Measured point dose over time for a central and an off axis posi-
tion in the cylindrical water equivalent phantom. 

 
C. Biannual 

 
The results of the biannual measurement of the complete 

calibration table were always within the clinical tolerances. 
In figure 5 the graphs of six measurements in the time pe-
riod of two years are shown.  
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Fig. 5   Measured Hounsfield Units for the complete set of inserts with 
different densities. The graph shows six measurements over two year’s 

time.  

 

IV. CONCLUSIONS  

The geometric accuracy of the MVCT images of the To-
moTherapy Hi-Art II system is excellent and satisfies the 
needs for clinical use of the system. 

Although deviations in the monitored HU Values can be 
observed, the changes are small and allow the use of the 
images for dose calculations.  

The measured doses in the phantom during a MVCT scan 
are very low and constant over time. There is no significant 
difference in the measured dose at different positions within 

the phantom. The measured doses can be used to balance 
the risk of additional dose with the benefit gained from the 
images. 
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Abstract— Installing a novel quality assurance method in 
our radiation therapy facility for IMRT plans we compared 
two possibilities. First, using our planning system to predict 
the dose distribution in a phantom equipped with a 2D-array 
made of diodes. Second, using an independent dose prediction 
algorithm based on the image taken by the linac’s EPID. Thus 
the QA process also includes the planning system’s dose 
algorithm, not only the plan application by the linac. Both 
approaches show similar results for the comparison to the 
planning system’s dose prediction (90.1% and 91.0%, 
respectively). 

Keywords— IMRT, QA, 2D-array, Mapcheck, EPID 

INTRODUCTION  

In radiation oncology IMRT treatment plans need to be 
quality assured before treating the patient with the plan. 
This holds especially true for IMRT plans that make use of 
dynamic leaf fields, i.e. leaves move during the irradiation 
of each field, and such the geometrical field limits, in order 
to achieve an intensity modulated field. This technique 
helps for a large variety of clinical cases to better spare or-
gans at risk while less compromises have to be made on the 
prescribed dose in the target volume. 

In order to assure that the calculated dose distribution of 
a planning system’s treatment plan will actually be achieved 
when the plan is applied onto the patient, the plan's dose 
distribution is calculated for a phantom. The phantom has to 
be equipped with dose measuring devices and is then irradi-
ated by the plan. Those devices could be films, ionization 
chambers, diode arrays etc. The measured dose distribution 
can now be compared to the predicted one of the planning 
system for the phantom case. The handling of films is time 
consuming and uncomfortable while the other devices have 
limited spatial resolution. 

 Alternatively, some planning systems include algorithms 
to predict the fluence image, which is measured when the 

linear accelerator’s (linac’s) electronic portal imaging de-
vice (EPID) is exposed by each field of the plan at a time. 
This method though does not include a quality test of the 
planning system’s dose algorithm.  

This study is to test the independent dose prediction algo-
rithm EPIDose by SunNuclear, which calculates the dose 
distribution in a phantom from the fluence image acquired 
by the EPID. Thus making use of the high spatial resolution 
of the EPID and at the same time checking the planning 
system’s dose algorithm. 

EQUIPMENT AND METHOD 

Equipment: The linear accelerator we used for this study 
is a Varian Clinac Trilogy equipped with the Millennium 
HD multi leaf collimator and an EPID. The MLC comprises 
0.25 cm leaves for an inner part of 11 cm width and 0.5 cm 
leaves for the outer part to reach a total width of 22 cm. For 
larger fields of up to 40 cm width the leaf bank is shifted as 
a whole and the field is split up into two parts. The machine 
was set up in 2008 in our clinic.  

As a phantom we used a Mapcheck 2D-array from Sun-
Nuclear with a 3 cm solid water build up plate put on top of 
it. The Mapcheck is a 2D-diode array with a total of 445 
diodes spread over an area of 22 cm by 22 cm. The Map-
check’s diode plane is located 1.35 cm beneath the surface. 
The material in this layer is equivalent to 2 cm water. Be-
fore use the diodes are absolute calibrated against an ioniza-
tion chamber traceable to the PTB standard and cross cali-
brated using a large field covering all diodes. During this 
cross calibration the Mapcheck is repeatedly irradiated with 
the same field and dose, but shifted to predefined posi-
tions(4). Thus the calibration does not depend on the homo-
geneity of the linac's field.  

Method: As with every patient who is intended to be ir-
radiated by an IMRT plan, we first created a CT image of 
our phantom. The same plan which will be irradiated onto 
the patient is then applied without changes to the phantom 
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in our planning system Eclipse, version 8.1. This results in a 
three dimensional dose matrix, which can be compared - at 
least for the respective plane - to the dose distribution 
measured by the Mapcheck 2D-array integrated into the 
phantom.  

On the other hand, SunNuclear provides a dose calcula-
tion algorithm called EPIDose, which calculates a two di-
mensional dose matrix from the image taken by the linac’s 
EPID.  Thus we have an independent dose prediction algo-
rithm to verify the dose prediction of the planning system.  

All dose predictions and measurements were done for 
gantry angle and collimator angle set to 0 degrees, i.e. the 
plan QA was split up into single beams to avoid irradiating 
the 2D-array side on.  

A comparable study has been published for the Pinnacle3 
planning system in combination with the RadCalc program 
as an independent dose prediction algorithm (3). 

RESULTS 

We started with simple square shaped beams of different 
sizes.  

Fig. 1 Square field 10 cm by 10 cm. line: planning system  (TPS) dose 
prediction, dots: EPIDose prediction. 

In this case, the dose was calculated for a phantom con-
sisting of the Mapcheck 2D-array and 3 cm water equiva-
lent build up, with the dose plane in the Mapcheck’s diode 
plane at a distance of 100 cm from the focus. The beam 
parameters were 113 MU, 15 MV photons, 10 cm by 10 cm 
field defined by the jaws, with the MLC retracted to its park 
position. The agreement of the EPIDose prediction versus 
the planning system’s prediction (fig. 1) as well as the line 
profile of the 2D-array measurement versus the planning 
system’s prediction (fig.2) was satisfying with deviations 
less than 2%.  Spatial resolution of the 2D-ayrray is limited, 

so deviations to the predicted dose in high gradient regions 
are no surprise. This fact is also important in IMRT-plans.  

Moving on to patient plans, fig. 3 shows a typical dose 
distribution’s line profile of a single field. Except for low 
dose regions (less than 10% of maximum), the relative de-
viation between the planning system’s dose prediction and 
the EPIDose prediction is acceptable. 

 

Fig. 2 Square field 10 cm by 10 cm. line: planning system dose prediction, 
dots: Mapcheck measurement within the phantom. 

For a statistical analysis of the comparisons we used a 3% 
dose and 3 mm distance to agreement threshold to flag each 
data point as passed or failed, which is a common 
approach(1). The total ensemble is made of  89 fields in 8 
patient plans so far.  

 
Fig. 3 Example of one field of an IMRT plan. line: planning system dose 
prediction, dots: EPIDose prediction. 

The overall fraction of dose matrix points flagged 
“passed” in the comparison of EPIDose to planning system 

Dose QA Using EPID and a Dose Prediction Algorithm Independent of the Planning System 461

  
 IFMBE Proceedings Vol. 25  



dose is 91.0% with a standard deviation of 8.1%. The final 
goal is to define limits of agreement in global parameters 
like this fraction which lead to a closer look at the plan be-
fore patient treatment, if not satisfying(3). Establishing those 
action levels from the few plans we calculated so far 
seemed too bold. Instead, we compared the dose distribu-
tions one by one. Following the same approach for the 
comparison of Mapcheck measured dose to planning system 
dose yields 90.1% passed at a standard deviation of 11.4%.  
  

CONCLUSIONS 

The EPIDose dose prediction algorithm is adequate for 
the dose QA of IMRT plans. Advantages are: 

• A second dose prediction algorithm independent of 
the planning system. 

• High spatial resolution of the measured EPID image 
compared to a 2D-array. 

•  Easy to handle EPID exposure compared to a 2D-
array that needs to be set up. 

A minor drawback compared to a pure EPID based QA 
might be the additional database of quality assured plans 
that has to be maintained. This is the price to be paid for 
using an independent dose prediction algorithm. 
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Abstract— In arc-modulated cone beam therapy (AMCBT) 
dose delivery is performed in a single rotation of the gantry. 
During this rotation the field shapes and field weights vary to 
conform the dose distribution to the target volume. In this 
work we examined the quality of the dose distribution achiev-
able with AMCBT. Treatment plans for AMCBT were com-
pared to plans for helical tomotherapy and idealized IMRT 
treatment plans.  

The AMCBT plans were derived from a given set of equally 
spaced coplanar beam directions. The ideal IMRT plans are 
based on the same ensemble of beams which additionally  
allow for a complete intensity-modulation over the treatment 
field. In this study three different tumour sites were consid-
ered. For the prostate case all treatment plans resulted in dose 
distributions of equal quality, with the benefits of a faster 
delivery and lower integral dose for AMCBT. For more com-
plex target geometries the dose shaping capabilities of tomo-
therapy and the idealized IMRT plan were superior to those of 
AMCBT.  However, treatment plans for AMCBT were also 
clinically acceptable for all patient cases considered in this 
study.  

Keywords—Arc-modulated cone beam therapy, single arc 
therapy, helical tomotherapy, treatment plan comparison. 

I. INTRODUCTION 

Currently Single Arc Therapy techniques become avail-
able at first clinical sites. One big advantage of a dose  
delivery in a single arc is a short treatment time. This is 
beneficial for the patient (higher comfort, less movement) 
and the clinic (higher patient throughput). The degrees of 
freedom in treatment planning for single arc therapy are the 
MLC leave positions and the dose rate for each beam. Arc-
modulated cone beam therapy (AMCBT) [1] is a single arc 
technique using a direct aperture optimization (DAO) to 
generate treatment plans. 

In this study we want to assess the dosimetric quality 
achievable within a single rotation of the gantry. As a first 
benchmark we used treatment plans generated for tomother-
apy. In helical tomotherapy radiation is applied as a fan 
beam by the rotating gantry and it is modulated by a fast 
pneumatically driven binary collimator [2]. With this rota-
tional treatment technique a very good shaping of the dose 

distribution to the tumour is possible, even if the geometry 
is highly complex. In comparison to a dose delivery in a 
single arc, tomotherapy has the advantage of using intensity 
modulation within each field, whereas for AMCBT the 
fluence for one beam direction is constant. Drawbacks of 
helical tomotherapy are long treatment times and the re-
quirement of a specifically designed machine. 

Rotational AMCBT treatments are approximated by a 
number of fixed beam directions in the optimization proc-
ess. As a second benchmark we optimized treatment plans 
with the same dose constraints and fixed beam directions as 
the AMCBT treatment plans, but with full intensity modula-
tion for each beam. The delivery time for this plan would be 
very long, but it shows the best achievable dose distribution 
for the given dose constraints and therefore shows a poten-
tial dose distribution for a dose delivery in several arcs.   

II. METHODS AND MATERIALS 

A. Treatment Planning 

Tomotherapy: Treatment plans for helical tomotherapy 
were generated with the Hi-Art Tomotherapy planning 
system version 2.2.1.55 (Madison, Wisconsin, USA). For 
all cases a longitudinal field width of 2.5 cm, a pitch of 
0.287 and 6 MeV x-rays were used. 

Arc-modulated cone beam therapy: Treatment plans for 
AMCBT [1] were generated with a DAO algorithm that is 
included in the inverse planning system KonRad [3]. The 
optimization starts with initial field shapes that might al-
ready consider important organs at risk. During the optimi-
zation the field weights are optimized with a modified New-
ton gradient algorithm and the field shapes with a tabu 
search.  

All AMCBT treatment plans were optimized with a 
voxel size of (2.62 mm)3 and a bixel size of (5mm)2. The 
beam energy was 6 MeV. In accordance to tomotherapy the 
number of beam directions was 51. For the anal carcinoma 
case only 36 beams were used. Since the planning systems 
for AMCBT and tomotherapy are not the same, different 
penalty factors and dose constraints were used.  
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“ Idealized IMRT”: These treatment plans were also cal-
culated with the research version of the inverse planning 
system KonRad, but not with the direct aperture optimiza-
tion as described above. For IMRT the weights of the beam 
elements (bixels) are optimized with a modified Newton 
gradient algorithm. The beam directions, dose constraints 
and penalty factors were the same as for the AMCBT treat-
ment plan. To deliver this plan a sequencing step would be 
necessary to convert the ideal fluence map into deliverable 
segments. For this study, however, no sequencing was per-
formed. 

B. Patient Selection 

In this study three different tumour sites were investi-
gated. This allows for a comparison of geometries with 
different complexity and different objectives. All patients 
were treated with helical tomotherapy. 

For the prostate plan a dose of 76 Gy was prescribed to 
95% of the GTV. This volume was extended by 6 mm and 
modified to include the seminal vesicles and exclude the 
rectum. To this CTV a median dose of 70 Gy was pre-
scribed. In a third step this volume was extended by 6 mm 
and a median dose of 66 Gy was prescribed. The dose was 
delivered in fractions of 2 Gy. 

The second tumour site considered was an anal carci-
noma. For this case a dose of 45 Gy was prescribed to the 
PTV. Treatment was perfomed in 25 fractions. 

The third considered case was a patient with oropharynx 
cancer was treated with a  simultaneous integrated boost 
concept. The boost volume was treated with a median dose 
of 70.4 Gy, the PTV dose was 57.4 Gy. The number of 
fractions for this case was 32. 

C. Treatment Plan Comparison 

To compare the different treatment techniques, structure 
sets and CT data were imported in Dicom format from the 
tomotherapy planning system to our treatment planning 
system VIRTUOS. Consequently, the AMCBT optimization 
process could be based on the same CT data and the same 
volumes of interest (VOIs) as for tomotherapy. 

For comparsion we used dose-volume based parameters, 
e.g. the minimum, maximum and mean dose for both target 
volumes and OARs. For the target we also compared the 
dose coverage, e.g. the fraction of the target volume receiv-
ing 90 % of the dose and the total target volume, and the 
dose conformity, e.g. the fraction of target volume receiving 
90 % of the dose and the total volume receiving 90 % of the 
dose. 

III. RESULTS 

A. Prostate Carcionoma 

The dose volume histogram for the three treatment plans 
for prostate cancer is displayed in figure 1. The dosimetric 
differences between these plans are minimal, with the ideal-
ized IMRT plan resulting in a slightly better coverage of the 
PTV. The reason for the higher dose to the rectum in the 
low dose region for the ideal IMRT plan is the maximum 
dose constraint for this OAR, which was set to 42 Gy. With 
AMCBT the integral dose was reduced by more than 10 % 
compared to tomotherapy. The helical dose delivery curve 
in tomotherapy results in an increased dose to the normal 
tissue above and below the target, whereas for arc therapy 
there is a steep dose gradient in longitudinal direction. An-
other advantage of AMCBT is the shorter treatment time, 
which presumably will be less than half of the 6 minutes 
needed for tomotherapy. 

 
Fig. 1 Dose volume histogram for a prostate carcinoma case. The solid 
line represents the AMCBT treatment plan, the dashed line tomotherapy 
and the dotted line the idealized IMRT treatment plan 

B. Anal Carcionoma 

For this patient the dosimetric differences between the 
treatment plans are more distinctive. Figure 2 shows the 
DVH for the three plans, in table 1 some dose values for 
different organs are listed. The conformity of the dose to the 
target was improved with the idealized treatment plan. Also 
the dose to the genitals was reduced. The dose constraint for 
the bladder was set to 35 Gy for the AMCBT and IMRT 
plan, which resulted in enhanced doses below this value for 
the IMRT plan.  
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Fig. 2 Dose volume histogram for an anal carcinoma case. Details on 
linestyles see figure caption 1 

Table 1 Dose values for an anal carcinoma case [dose values in Gy] 

Organ Quality indicator AMCBT Tomo “IMRT” 

PTV coverage 0.99 0.95 0.97 

 conformity 0.77 0.77 0.86 

Genitals maximum dose 50.0 46.2 51.7 

 mean dose 22.2 26.3 16.0 

Bladder maximum dose 48.7 47.6 48.5 

 Mean dose 28.0 32.3 36.3 

Bowel maximum dose 48.8 50.3 51.5 

 mean dose 12.1 13.0 12.5 

Contour  mean dose 18.2 16.3 15.8 

For this patient additional arcs could lead to an im-
provement of the dose distribution in comparison to the 
single arc delivery. The additional flexibility in dose shap-
ing for tomotherapy compared to AMCBT improved the 
quality of the dose distribution. But the single arc plan is 
also clinically acceptable and is deliverable with a conven-
tional linac in a short treatment time. 

C. Oropharynx  Carcionoma 

The treatment planning for this case was challenging due 
to the complex target shape and close proximity to OARs, 
especially the parotid glands, brainstem and spinal cord. 
Moreover several non-centered boost volumes increased the 
complexity of this case. 

In figure 3 a comparison of the tomotherapy and 
AMCBT plan is shown. With tomotherapy the coverage of  
 

the target and the conformity of the dose to the target are 
improved in comparison to the single arc treatment plan. 
Also the dose to several OARs is reduced with tomotherapy. 
As already seen for the cases presented before, the integral 
dose is lower for AMCBT. 

With the intensity-modulated treatment plan the quality 
of the dose distribution was improved compared to 
AMCBT. Especially the coverage and conformity were 
increased from 0.93 to 0.99 and from 0.83 to 0.91, respec-
tively. Also the dose to the OARs was reduced, e.g. the 
mean dose to the left parotis from 25.7 Gy to 17.0 Gy. 

 
Fig. 3 Dose volume histogram for an oropharynx carcinoma case. The 
solid line represents the AMCBT plan, the dashed line the tomotherapy 

IV. CONCLUSIONS  

With AMCBT dose delivery in a single rotation of the 
gantry is possible. For simple geometries, e.g. a prostate 
carcinoma, this technique leads to the same quality of the 
dose distribution like helical tomotherapy or IMRT with 
many beams. For more complex cases the dosimetric qual-
ity achievable with helical tomotherapy was not possible 
with AMCBT. However, the treatment plans for AMCBT 
are also clinically acceptable. The advantages compared to 
tomotherapy are the faster delivery, the lower integral dose 
and the ability to deliver the treatment with a conventional 
linear accelerator.  

The comparison to the ideal IMRT treatment plan with 
the same number of beam directions as the AMCBT plan 
showed the possible improvements of the dose distribution  
quality for a delivery in several arcs. For simple cases the 
delivery of additional arcs does not lead to any improve-
ments in the dose distribution. For more complex cases 
additional arcs could improve the plan quality.  
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Abstract—Purpose: Breathing induced target motion may 
influence the accuracy of radiotherapy treatment – especially 
for stereotactic body radiotherapy. The work will focus on 
reproducibility of tumour motion which was acquired before 
and during radiation therapy.  

Methods: Two imaging techniques were used to determined 
tumour motion of 27 target volumes of 24 patients via 4D 
computer tomography (4DCT) and portal image system 
(EPID). EPID movies were analyzed by means of motion am-
plitude. Motion amplitude was calculated by the difference of 
tumour position in maximum inspiration and maximum expi-
ration.  

Results: The evaluation of the EPID movies showed that 
48 % and 22 % of investigated target volumes were moving 
more than 5 mm and 10 mm, respectively. A strong correlation 
was seen between motion determined in 4DCT and EPID mov-
ies (CC 0.87).  

Conclusion: Tumour motion acquired in 4DCT and portal 
image movies showed good correlation. For some target vol-
umes large deviations of motion amplitudes were observed.  

Keywords—tumour motion, reproducibility, 4DCT, EPID. 

I. INTRODUCTION  

Temporal changes of the patients’ anatomy due to breath-
ing motion may reduce the accuracy of radiotherapy treat-
ment, especially for stereotactic body radiotherapy. Man-
agement of respiration motion in radiation oncology was 
covered in detail by the AAPM task group (1). This survey 
provides guidelines for accommodating the motion during 
the process of radiotherapy. An important concern of pa-
tient-related quality assurance is stability and reproducibil-
ity of breath-hold.  

In the present study, we focused on reproducibility of 
lung tumour motion which was acquired with different 
imaging techniques. The data was collected from lung can-
cer patients treated with stereotactic body radiotherapy. 
Tumour motion was directly tracked in EPID movies with-
out the need of external or internal markers. Images were 
analyzed in regards to magnitude and reproducibility of 
motion. 

II. MATERIALS AND METHODES 

A. Data Acquisition  

For each patient 4D computer tomography (CT) was ac-
quired for treatment planning (Somatom Sensation Open, 
Siemens, Forchheim, Germany).  

Portal image movies were acquired during delivery on an 
Elekta SynergyS (Elekta Oncology Systems Ltd., Crawley, 
West Sussex, UK). Patients were breathing freely without 
any audio-visual feedback. Patients were immobilized in the 
BodyFix-System (Medical Intelligence, Schwabmünchen, 
Germany) (2, 3) and partly with abdominal compression. 
They were instructed to breath freely without any audio-
visual feedback. 

B. Patient Population  

The data is based on a population of 24 lung cancer pa-
tients with totally 27 target volumes treated with stereotactic 
technique in our department. In total 106 movies of treat-
ment beams were analyzed with respect to target motion 
during radiation therapy.  

C. Evaluation of Trajectories  

Motion in 4DCT (A 4DCT) was determined by contouring 
the macroscopic tumour in extreme positions (maximum 
inspiration and expiration phase) and calculating the differ-
ence of these positions (Pinnacle³TM, Philips Radiation On-
cology Systems, Fitchburg, WI, USA).  

The target in the EPID movies was described by a user 
defined mask. After contouring the mask in a reference 
frame of the movie, the target motion was manually tracked 
via shifting the mask from frame to frame according to the 
observed tumour motion. All movies were evaluated manu-
ally by one observer.  

The EPID trajectories were analyzed concerning motion 
amplitude (A MV) in superior-inferior (SI) direction. Motion 
in anterior-posterior and lateral direction was small for most 
tumours and therefore breathing cycles could not be defined 
clearly in all trajectories. 
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The correlation between target localization in the lung 
and the extension of target motion was investigated for 
4DCT and EPID data. 

III. RESULTS 

Maximum motion amplitudes during 4DCT acquisition 
were assessed for 27 target volumes. The classification of 
the magnitude of motion depending on tumour localization 
showed larger motion amplitudes for targets in the inferior 
part of the lung.  
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Fig. 1 Correlation between motion amplitudes measured in the 4DCT 
(A 4DCT) and in the EPID movies during treatment (A MV Mean) in supe-
rior-inferior direction 

In Figure 1a amplitudes of EPID movies (A MV Mean) were 
plotted as a function of mean amplitudes retrieved from 
4DCT imaging. Good agreement between target motion in 
the EPID movies and in 4DCT was seen in SI direction for 
A MV Mean and A 4DCT. The data was fitted with a linear re-
gression (slope 0.97) which showed a strong correlation 
between motion determined in 4DCT and EPID movies (CC 

0.91). Motion amplitudes in 4DCT differed from mean and 
maximum EPID motion amplitudes (A MV Mean and A MV Max) 
by 1.7 mm ± 1.4 mm and 3.0 mm ± 1.8 mm, respectively. 
Maximum deviation of 5.9 mm and 8.7 mm were observed 
for A MV Mean and A MV Max, respectively. The evaluation of 
the EPID movies showed that 48 % and 17 % of investi-
gated target volumes were moving more than 5 mm and 
10 mm (see Figure 1b).  

IV. DISCUSSION 

In this work motion analysis of 27 target volumes was 
performed before and during radiation therapy. Trajectories 
were quantified in terms of amplitude.  

Despite of a strong correlation between target motion in 
EPID movies and 4DCT studies regarding SI direction, we 
observed a difference in amplitude size for some targets. 
This might be caused by the different acquisition times of 
4DCT and EPID movies. The patients’ stress level during 
irradiation or CT imaging could also be different leading to 
different motion patterns. In agreement with the published 
data the investigated target trajectories showed predomi-
nantly tumour motion in SI direction and motion amplitudes 
tends to be bigger for tumour located in the inferior part of 
the lung (5-8). 

The evaluation of the EPID movies showed that 48 % 
and 17 % of investigated target volumes were moving more 
than 5 mm and 10 mm. As  the AAPM report (1) recom-
mends monitoring and (if possible) motion management for 
amplitudes exceeding 5mm, this would be required for 
nearly half of the targets monitored in this work.  

Due to the high frame rate of image acquisition the re-
sulting trajectories are suited for calculation of motion pat-
terns and probability distribution functions of the tumour 
position (PDF). PDFs are used to determine motion patterns 
for each beam, fraction or treatment course. The shape and 
variation in PDF may gain as additional information for 
individual margin definition, dose accumulation (9) or dose 
gradient analysis (10).  

The EPID movies provided information about the motion 
in the plane perpendicular to the beam direction. Image 
acquisition from multiple gantry angles would be necessary 
to obtain full information of the 3D motion signal. A track-
ing method which provides 2D information is also accept-
able (1). Motion evaluation in EPID movies was limited to 
SI direction which tends to be the largest motion component 
and is never hidden in the EPID movies (11).  

The accuracy of the tracking system was determined by 
phantom and simulation experiments in previous published 
work (12-14).  



Investigating the Reproducibility of Motion for Lung Tumours Treated with Stereotactic Body Radiotherapy 469

 

  
 

IFMBE Proceedings Vol. 25

 

V. CONCLUSION 

Tumour motion acquired in 4DCT and portal image 
movies showed good correlation. For some target volumes 
large deviations of motion amplitudes were observed.  
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Abstract— We are improving the dose simulation system for 
boron neutron capture therapy (BNCT) and constructing the 
on-line dose-estimation technique using the prompt gamma-
ray telescope system. Our present telescope system counts the 
prompt gamma rays from hydrogen which uniformly distrib-
utes in human body, and from boron-10 which locally distrib-
utes in target volume. However, this system cannot get the 
detail information for several changes of counting rates ac-
cording to the motions and shape-changes of target volume 
only using the mono-energetic gamma rays. Then, we are 
studying the “multi prompt-gamma-ray telescope system” 
utilizing gadolinium-157 (157Gd). The reaction of 157Gd with 
neutron generates the prompt gamma rays of several energies, 
to approximately 8 MeV in maximum. By the comparison of 
the counts for these gamma rays, the information for the depth 
direction in human body can be obtained, because the attenua-
tion coefficient in human body varies according to the gamma-
ray energy. For this system, the fundamental phantom-
experiments were performed at the epi-thermal neutron irra-
diation field which was applied to the actual BNCT irradiation. 
For the 157Gd-concentration, the lower detection-limit was 
almost 1,000 ppm at the small volume of 1 cm3. This is due to 
the detection-limit for 6.75-MeV gamma ray, because its detec-
tion efficiency is smaller. From the experimental results, the 
feasibility and the limit of this system could be confirmed. 

Keywords— boron neutron capture therapy, gamma-ray tele-
scope, gadolinium, multi prompt-gamma-rays. 

I. INTRODUCTION 

Since December 2001, at the Heavy Water Neutron Irra-
diation Facility (HWNIF) of Kyoto University Reactor 
(KUR) [1], boron neutron capture therapy (BNCT) has been 
expanded to the tumors of various body parts, such as neck, 
liver, etc. [2,3]. The complexity of the patient positioning 
due to these expansion, causes the problem for the difficulty 
in dose estimation. For head and neck cancers, the distortion 
near the target surface and the motion due to the respiration 
should be considered. For liver cancers, the positioning 
change for the multi-directional irradiation should be con-
sidered. In the decision for the curative effect, it is impor-
tant to estimate the irradiated dose at the target volume. 

We are improving the dose simulation system for BNCT 
and constructing the on-line dose-estimation technique 
using the prompt gamma-ray telescope system [4,5]. Our 

present telescope system counts the prompt gamma rays 
from hydrogen (H) which uniformly distributes in human 
body, and from boron-10 (10B) which locally distributes 
mainly in target volume. This system can detect the changes 
of count rates according to the motions and shape-changes 
of target volume. In the while, it cannot get the detail in-
formation for several changes only using the mono-
energetic gamma rays. The novel methods of boron-
compound injection, such as the simultaneous injection of 
two kinds of compounds, the intravenous injection during 
the BNCT irradiation, etc., are also the causes for the diffi-
culty in the BNCT dose-estimation [6]. 

Therefore, we are studying the “multi prompt-gamma-ray 
telescope system” utilizing gadolinium-157 (157Gd). The 
reaction of 157Gd with neutron generates the prompt gamma 
rays of several energies, to approximately 8 MeV in maxi-
mum. By the comparison of the counts for these gamma 
rays, the information for the depth direction in human body 
can be obtained, because the attenuation coefficient in hu-
man body varies according to the gamma-ray energy. The 
combination with the diagnostic information is expected, 
when the necessary concentration of 157Gd is the same level 
as that of the contrast-enhance MRI agent of Gd. Moreover, 
this system can be a useful tool for gadolinium neutron 
capture therapy (GdNCT) [7]. 

II. METHODS 

A. Gadolinium 

The natural abundance of 157Gd is 15.7%, and it reacts 
with neutron as follows; 157Gd+n  158Gd+ +7.94 MeV. 
The capture crosssection for thermal neutron is 255,000 
barn, almost 66 times larger than 3,840 barn for the 
10B(n, )7Li reaction. The released energy per one reaction 
(Q-value) is almost 2.5 times larger than 2.79 MeV for the 
10B(n, )7Li reaction. Approximately 99.2% of the Q-value 
is released as gamma rays. 

The energy spectra for the prompt gamma-ray from 
157Gd(n, )158Gd are shown in Figs. 1 and 2 [8,9]. The former 
figure is for logarithmic scale, and the latter one is for linear 
scale. The data in these figures are calculated to the number 
of the gamma rays integrated for 10-keV energy-bin. A few 
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tens of the peaks corresponding to the discrete gamma-ray 
components are shown in these figures. The following 
peaks can be easily distinguishable; the peaks at 79.5keV, 
182keV, etc. for the lower energy, and the peak at 6.75 
MeV for the higher energy. 

The energy dependency of gamma-ray attenuation coef-
ficient for tissue is shown in Fig. 3 [10]. Here, the composi-
tion of tissue is H: 11.1%, C: 12.7%, N: 2% and O: 74.2% 
in weight percent. The coefficients for the 79.5-keV and 
182-keV gamma rays are almost 6.9 and 5.3 times larger 
than that for the 6.75-MeV gamma ray, respectively. The 
penetration rate for the 1-cm-thick tissue is almost 90% for 
the lower energy, and 97% for the higher energy. The dif-
ference between the lower and higher energies is about 10%. 
For the 5-cm-thick tissue, the penetration rate is almost 50% 
for the lower energy, and 90% for the higher energy. The 
former value is almost two times larger than the latter one. 

 

Fig. 1 Energy spectra of the prompt -rays from 157Gd(n, )158Gd (log) 

 

Fig. 2 Energy spectra of the prompt -rays from 157Gd(n, )158Gd (linear) 

 

Fig. 3 Gamma-ray attenuation coefficient for tissue 

 

 

Fig. 4 Outline of a gamma-ray telescope unit 

B. Gamma-ray telescope 

The “dual gamma-ray telescope system”, which is used 
in this study, is one component of the “dose estimation 
joint-system under NCT clinical irradiation” that is installed 
in the KUR-HWNIF [4]. Because of the diversification and 
the complication of the patient positioning and because of 
the simultaneous injection of BSH and BPA, two units are 
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prepared for the telescope system.  These units are placed 
on the upper-side of the irradiation room ceiling of the facil-
ity, symmetrically against the central axis of the facility. 

The outline of the gamma-ray telescope unit is shown in 
Fig. 4. Each unit consists of (i) an HPGe semiconductor 
detector, (ii) a collimator system including the sight-
regulating equipment, and (iii) position-fixing and sight-
checking equipments. The length and width of the detect-
ing-sight can be regulated from 0 to 20 cm corresponding to 
the conditions. 

 
C. Experiment 

Fundamental phantom-experiments were performed at 
the KUR-HWNIF, in order to confirm the feasibility of this 
system. The standard epi-thermal neutron irradiation mode 
was selected [1], which is applied to the actual BNCT clini-
cal irradiation. 

The human-body water-phantom, human-head water-
phantom and human-head acrylic-phantom were used. The 
human body was modified to a rectangular parallelepiped of 
40cm×40cm×20cm. The human head was modified to a 
cube of 20cm×20cm×20cm. The acrylic capsule filled with 
gadolinium solution, which was modified for tumor, was 
placed in the phantoms. 

First, the experiment for the confirmation of the detec-
tion lower-limit of gadolinium concentration was performed 
(experiment 1).  A small tumor-modified region of the 1-
cm3 cube was placed in the human-head acrylic phantom. 
The 157Gd concentration of the tumor region was changed 
from 1 to 10,000 ppm. The central position of the tumor 
region was fixed at the 2-cm depth from the phantom sur-
face, on the central axis of the irradiation field of 12-cm 
diameter. The depth from the phantom upper-side was 
changed from 1 to 9 cm. The detecting-sight was regulated 
to 5-cm diameter on the horizontal plane including the cen-
tral axis. The center of the detecting-sight was set to the 
center of the tumor region. 

 Next, the experiment for the confirmation of the changes 
in the gamma-ray energy spectrum according to the tumor-
region size was performed (experiment 2). The sizes and 
shapes of the tumor region were the 1-cm3 cube, the 4-cm-
diameter sphere (33-cm3 volume) and the 10-cm-diameter 
sphere (524-cm3 volume). The 157Gd concentration was 
1,000 ppm. The central position of the tumor region was on 
the central axis of the irradiation field, same as the experi-
ment 1, and the depth from the phantom upper-side was 
settled to 10 cm. The distance between the irradiation sur-
face and the tumor-region surface was settled to 2 cm. The 
detecting-sight was regulated to 5 cm for length and width, 
on the horizontal plane including the central axis. The cen-
ter of the detecting-sight was set to the center of the tumor 

region. The size of the detecting-sight was set to be broader, 
15 cm for length and 10 cm for width, on the horizontal 
plane including the central axis. 

III. RESULTS 

A part of the results obtained from the experiment 1 for 
1,000-ppm 157Gd-concentration are tabulated in Table 1.  
“Free-in-air” means the case that only the tumor region was 
placed in air without the phantom, and it was irradiated 
using the thermal neutron irradiation mode. 

For epi-thermal neutron irradiation, the Gd in the phan-
tom reacts mainly with the thermal neutrons generated in 
the phantom. The thermal neutron flux distribution in the 
phantom is largely influenced by the sizes of the irradiation 
field and phantom, and the position relations, etc.. It results 
to the changes for the count rate of the telescope. In the 
while, the relative relation of the gamma-ray yields for 182 
keV and 6.75 MeV, is not dependent on the changes of the 
thermal neutron flux. Thus, the ratio of the gamma-ray 
count rates, especially the ratio normalized by the data for 
the free-in-air condition. 

Table 1 Results obtained for 1,000-ppm Gd in the experiment 1  

Depth
(cm) 

Count rate (cps) 
182 keV    6,751keV

Ratio of count rates 
(182 keV / 6,751 keV)

Normalized 
ratio 

 
Free-
in-air 
 

1,330          1.65 801         1.00  

    1   173          0.242 717 0.88  
    5   168          0.365 460 0.57  
    9   97.2         0.330 295 0.37 
    

The normalized count-rate ratio is 0.88, 0.57 and 0.37 for 
the tumor-region depth of 1, 5 and 9 cm, respectively. It is 
found that the ratio changes according to the tumor-region 
depth. This is because the lower energy gamma ray of 182 
keV is more largely attenuated by acryl and/or water. These 
values were almost the same as the analytically-estimated 
ones. For the 157Gd-concentration, the lower detection-limit 
was almost 1,000 ppm at the small volume of 1 cm3. This is 
due to the detection-limit for 6.75-MeV gamma ray, be-
cause its detection efficiency is smaller. 

An example of the prompt gamma-ray energy spectrum, 
obtained from the experiment 2 for the tumor volume of 1 
cm3, is shown in Fig. 5. The both gamma rays of 182 keV 
and  6.75 MeV, which are the detection target, can be dis-
criminated. From the experiment 2, it was resulted that the 
normalized count-rate ratio was 0.32, 0.40 and 0.56 for the 
tumor volume of 1, 33 and 524 cm3, respectively. Inciden-
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tally, the position of the main source for the detected gam-
ma rays shifts to the nearer for the detector-side.   

 

Fig. 5 Prompt gamma-ray energy spectrum by the gamma-ray telescope 

IV. CONCLUSION 

From these experiments, the feasibility and the limit for 
the multi prompt-gamma-ray telescope system could be 
confirmed. It is planned that the present system will be 
improved on the basis of the results obtained from this study. 
It is also planned that the verification for the distortion and 
motion of the target volume will be performed by the phan-
tom experiments modified for the BNCT clinical irradia-
tions, in the combination with the simulation system. 

Moreover, there is some possibility that this system can 
obtain the position information nearly equal to PET, to-
gether with the coincidence detection for the multi prompt-
gamma-rays (Multi Photo Emission CT; MPECT). In near 
future, we are starting the fundamental study for the 
MPECT system for BNCT. 
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Abstract—Ultrasound based imaging is an established 
modality for Image Guided Radiation Therapy (IGRT).For 
patients undergoing pelvic radiation therapy for 
gynecological cancer, a full bladder condition is preferred 
because the filled bladder pushes small bowel outside the 
radiation field and reduces target motion caused by 
variations in bladder filling. In our clinic, all patients 
undergoing pelvic radiation therapy receive standard 
bladder filling instructions. In this study we report results of 
bladder volume status determined from daily 3D ultrasound 
imaging of the reproducibility of full bladder for eleven 
patients. Mean bladder volume for all patients was 254.2cc 
with a standard deviation (SD) of 138.5. Standard 
instructions given to patients for bladder filling do not 
reproduce inter-fractional bladder volume consistently.

Keywords— Ultrasound imaging, IGRT, Bladder filling

I. INTRODUCTION 

    Advances in Image Guided Radiation Therapy (IGRT)
have enabled accurate localization of target volume prior to, 
during or after radiation treatment. It is now well 
established that for better local control of pelvic cancers, 
high radiation dose is necessary. However; delivery of high 
radiation doses has always been limited by normal tissue 
toxicity [1]. 
    Daily (or periodic) portal films, OBI (On Board Imaging) 
and CBCT (Cone Beam CT) have been used for patient set 
up verification using bony anatomy or soft tissue target as 
landmark. However, these verification methods do not 
readily allow measurement of daily bladder volume.
    For cervix and endometrial cancer patients undergoing 
radiation therapy, it is desirable to treat them with full 
bladder because the full bladder pushes away small bowel 
out of the radiation fields and reduces target motion caused 
by variation in bladder filling [2].
    Ultrasound image guided localization method can verify 
daily bladder volume. Studies [3-4] have shown that large 
bladder volume variations increase inter-fraction motion of 
organs such as prostate, uterus, cervix or vaginal apex.
    This study reports the results of inter-fraction changes in 
bladder volume obtained from pre-CT and pre–treatment 

ultrasound imaging of bladder for cervix and endometrial 
cancer patients undergoing radiation therapy.  

II. MATERIALS AND METHODS

Eleven patients with cervix or endometrial cancer (8 of 
these patients had hysterectomy) were investigated in this 
study. At the time of CT for treatment planning, daily 
bladder filling instructions were given to each patient. All 
patients underwent daily 3D ultrasound scan and received 
external beam IMRT treatments in the pelvic region. The 
prescription dose ranged from 45 to 50.4Gy.
     Treatment planning CT scans were done with full 
bladder followed by acquisition of ultrasound (US) scans 
(Restitu Resonant Medical). Verification of bladder volume 
between CT contour and US contour was performed after 
CT and US scans were completed. Isocenter for treatment 
planning was marked in CT image data set and co-
registration of two scans was done with isocenter match.   
     For the co-registration of CT and US images, external 
and internal laser in CT room were used for aligning 
patients with skin markers (BBs). Positioning reference of 
the bladder was created in US system. The Restitu Resonant 
system can create a positioning reference volume (PRV) of 
bladder from the US scan and this PRV is used as the 
reference volume of bladder. 

All patients were given instructions for daily bladder 
filling prior to radiation treatments. Patients were aligned to 
treatment room laser and US scan was acquired. After the 
scan was done, bladder was contoured and it was compared 
to PRV and the bladder size was measured. Right after that, 
treatment was delivered.

A total 202 fractions for daily bladder volume change 
were documented. 

III. RESULTS

     Mean+SD for daily bladder volume for all patients was  
 254.2 +138.5cc. 

Table 1 shows each patient’s bladder volume change 
daily (numbers in parenthesis show the extreme bladder 
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volumes), positioning reference volume (PRV) of bladder, 
number of fractions that lie within a % difference of daily 
bladder volume compared to PRV.

                            

               Table 1 Patients’ daily bladder volume range, positioning 
reference volume (PRV), and number of fractions that lies within a certain 
percentage of  daily bladder volume compared to PRV.

Patient 
number

Bladder 
volume 

(cc)

PRV(cc) <10% 10-
<20%

20-
<30%

>30%

1 221.8 (92-
540)

238 3 6 4 10

2 246.9 (78-
447)

230 7 4 6 8

3 234.1 (80-
337)

165 5 0 0 14

4 355.9 
(153-510)

510 1 0 4 5

5 448.3 
(145-680)

430 5 5 1 7

6 192.9 (70-
420)

355 0 1 3 10

7 158.4 (85-
332)

332 1 0 0 16

8 382 (127-
650)

291 1 1 5 15

9 224.1 (40-
500)

223 1 5 2 7

10 142.6 (65-
300)

300 0 0 0 15

11 149.4 (80-
308)

308 1 0 1 11

For all of patients the daily bladder volume variation is 
found to be significant. Patient number 2 shows that 68% of 
total fractions from US scan are within 30 % difference of 
volume change between PRV and daily scan. However, 
patient number 10 had none of bladder volume change 
within 30% difference. Other patients had more than 30 % 
of bladder volume change in 40-94% of total fractions.

IV. DISCUSSIONS

Significant variations in bladder volume were observed 
for each patient. It is clear from the data that the standard 

protocol used for daily bladder filling can hardly be 
depended upon to maintain consistency of daily bladder 
filling during the entire course of radiation therapy 
Ultrasound imaging can be used to verify bladder volume 
right before treatment. If bladder filling is inadequate then 
patients can be instructed to drink more fluid until bladder 
filling becomes comparable with PRV. Treatment can then 
be delivered. 

V. CONCLUSIONS 

    Despite instructions given for daily bladder filling, 
significant variations in inter-fractional daily bladder 
volume are observed in patients undergoing pelvic radiation 
therapy for gynecological cancer. This variation in bladder 
volume can be verified with daily ultrasound imaging.  
    Standard instructions given to patients for bladder filling 
do not reproduce inter-fractional bladder volume 
consistently.
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A comparison of dose and energy-based mapping methods for 4D Monte Carlo dose 
calculation in deforming anatomy  
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Abstract— A voxel warping method for 4D dose accumula-
tion was implemented in the VMC++ Monte Carlo code. Dose 
calculations using this method were compared with an energy 
remapping method in simple deforming phantoms with exact 
transformations to show that the methods are equivalent. We 
also demonstrate that in patient geometries, the voxel warping 
and energy remapping method can be used to evaluate the 
influence of registration errors on the remapped dose. 

Keywords— Monte Carlo, 4D, dose warping. 

I. INTRODUCTION  

Dose remapping methods are used to determine the cor-
respondence of a dose distribution deposited on one geome-
try to a different geometry. These methods are essential in 
adaptive and 4D radiotherapy where it is necessary to ac-
cumulate doses received on different geometrical states of a 
patient.  

In a previous work[1] we described a voxel warping ap-
proach where the voxels of the reference phase were de-
formed to match the anatomy of the state from which the 
dose is to be remapped. Thus the correspondence of the 
dose in the deformed state to the reference state is exactly 
known and energy and mass are conserved.   

Siebers et al.[2] developed an alternative dose-mapping 
method based on remapping of the energy distribution. In 
the etmDOSXYZnrc code, particle transport is performed 
on the rectilinear geometry of the target state and each en-
ergy deposition location is mapped back to the reference 
state. An equivalent approach to calculate the energy re-
mapped to each reference voxel could be based on calculat-
ing the intersection of the deformed reference voxels with 
the rectilinear target phase voxels.  

In this work we implement the voxel warping method 
into the fast VMC++ Monte Carlo code[3]. We also imple-
ment an energy remapping method and compared this to the 
voxel warping method to demonstrate that, when the trans-
formation between two geometries is exactly known, they 
are equivalent.  In the case of patient 4D dose calculations, 
the voxel transformations must be determined by deform-
able image registration. The image registration always con-
tains some error due to the ambiguity of the image matching 

problem, image artifacts and limitations of the deformation 
model. When registration errors exist, the deformed voxel 
geometry will not exactly match the target image geometry. 
Thus, since voxel warping and energy mapping use the 
same target-to-reference voxel mappings but the former 
scores the energy deposition on the deformed voxel geome-
try while the latter calculates on the actual target image 
geometry, we hypothesize that a comparison of dose distri-
butions remapped using these two methods could be used to 
determine the influence of registration errors on dose re-
mapping.  

II. METHODS AND MATERIALS 

A. Deformable geometry implementation in VMC++ 

A set of new deformable geometry classes was created 
for VMC++ which were compiled as dynamic shared librar-
ies that could be loaded at run time. The geometry class 
contains routines for reading in the deformation vectors, 
calculating the volume of deformed voxels as well as for  
tracking the particles through the deformed geometry. We 
implemented three different deformable geometries: the 
deformed dodecahedron geometry that was implemented in 
defDOSXYZnrc and two geometries based on tetrahedral 
elements.    

B. Energy remapping approach 

We developed a method for mapping the energy distribu-
tion deposited on the target geometry back to the reference 
geometry based on determining the volume intersection of 
the warped reference voxels with the voxels of the target 
geometry. Each warped voxel of the reference geometry is 
subdivided into 6 tetrahedrons and the volume of the con-
vex polygon bounded by each tetrahedron and the 6 planes 
of each target geometry voxel is calculated[4].  The remap-
ped energy in the reference voxel is obtained by summing 
over all overlapped target voxels the energy in those voxels 
multiplied by the fraction of their volume overlapped by the 
reference voxel tetrahedrons. The re-mapped energy distri-
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bution is then converted to a dose distribution by division 
by the reference geometry voxel masses.  

C. Comparison of energy and voxel warping methods 

The energy and voxel-warping methods were initially 
compared in a 40x40x40 cm3 water phantom with 5x5x5 
mm3 voxels in which a 50% compression along the z-axis 
was defined. In order to reproduce exactly the deformed 
voxel geometry for the energy remapping method the voxel 
boundaries of the target phantom geometry were chosen to 
match exactly the deformed boundaries obtained with the 
deformation vectors. The voxel-warping based dose calcula-
tions were performed using the tetrahedral deformable ge-
ometry class in VMC++ which is consistent with the tetra-
hedron definitions used for the energy mapping method. 

Dose profiles along the z-direction were compared for 
parallel and perpendicular incidence of a 6 MV 10x10 cm2  
phase space file. The dose distributions were compared 
using the gamma index with a criterion of 1%/1mm.  

D. Influence of registration errors 

The dose and energy distributions remapped between the 
inhale and exhale states of a lung cancer patient were com-
pared using the voxel warping and energy mapping meth-
ods.  The dose calculation grid resolution was 4x4x5 mm3. 
Initially the dose distribution for the energy remapping 
method was calculated on the exhale 4D CT image. To 
investigate how registration errors could be minimized, a 
second calculation was performed using the dose calculated 
on the reference image transformed by the deformation 
vectors.  

Remapped energy and dose profiles, along the beam cen-
tral axis, at the inhale phase were compared.  

III. RESULTS AND DISCUSSION  

A. Comparison of voxel warping and energy remapping 
methods in phantom geometry 

Dose profiles for parallel and perpendicular beam inci-
dence are shown in Figure 1. All points within the energy-
mapped and voxel-warping dose distributions agreed within 
the 1%/1 mm gamma criterion. Thus it can be concluded 
that the voxel warping and energy mapping methods are 
equivalent. 

  

(a) (b) 

 
 

(c) (d) 

Fig. 1 Comparison of voxel warping and energy mapping methods in 
deforming phantom for parallel (a and b) and perpendicular beam inci-
dence (c and d). Error bars in (b) and (d) indicate the combined statistical 
uncertainty. 

B. Comparison of voxel warping and energy remapping 
methods in patient geometries – influence of registration 
error 

Shown in Figure 2 are remapped dose and energy pro-
files along the beam central axis inside the lung patient. The 
average registration error, evaluated by comparing meas-
ured and predicted displacement of 29 vascular and bron-
chial bifurcations in the lung, was within 1 mm, though 
some points in the lung had up to 3.5 mm disagreement. 
Comparison of the remapped dose distribution appears to be 
a much more sensitive and relevant measure of registration 
accuracy. The large discrepancies in the dose profiles are 
due to the mis-match between the densities of the materials 
of the voxel in which the energy was scored at the target 
state and the properties of the voxel to which it was remap-
ped at the reference state.   
 The differences between the remapped energy profiles 
are indicative of local discrepancies in the deformed and 
target voxel densities. These result from both spatial regis-
tration errors as well as a lack of mass conservation by the 
deformation vectors so that the deformed lung voxels for 
the voxel warping method appear to be compressed to 
higher densities than the densities of the voxels at the corre-
sponding location in the target image (eg. at -5 cm).  
 Calculating the target volume energy distribution for 
the energy mapping method on the warped reference image 
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addresses the first issue and slightly improves the agreement 
between the two calculations. Calculating the energy distri-
bution for the remapping at a higher resolution (2x2x2.5 
mm3) was not found to improve the agreement.  
  

 

(a) 

 

(b) 
Fig. 2 Comparison of voxel warping and energy mapping methods in 
deforming patient geometry (a) remapped dose and (b) energy profiles 

along the beam central axis at Inhale phase. 

 

IV. CONCLUSIONS  

We have demonstrated that the voxel warping and energy 
remapping approaches to remapping dose are equivalent,as 
they both conserve energy, but only if the correspondence 
between the target and reference geometry is exactly 
known. Comparison of dose distributions re-mapped in 
patient geometries using these two methods can be used to 
evaluate the accuracy of the voxel transformations provided 
by deformable image registration. Future investigations will 
include a comparison of our energy mapping method with 
the etmDOSXYZnrc code. 
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Abstract—Modern treatment techniques like IMRT offer 
the possibility to deliver highly conformal dose distributions. 
Therefore accurate patient positioning is necessary. This, in 
turn, requires image guidance techniques. In-room CT and 
cone beam CT are two possibilities to realize image-guided 
radiation therapy. At the DKFZ we have the opportunity to 
work with both techniques. Special software delivers offset 
vectors for   table movement to compensate possible misalign-
ment in positioning. This issue needs a daily quality assurance, 
which is done with the help of the QUASAR™ Penta-Guide 
Phantom. The QA procedure simulates a misalignment, which 
has to be detected and corrected by our TPS Virtuos or by 
Siemens RTT . A special adapter feature the possibility to use 
this phantom outside of the laser marked isocenter, but in a 
special stereotactic setup commonly used for imaging at the 
DKFZ.  

Keywords— IGRT, Quality Assurance, MV cone beam CT, in-
room CT, Quasar Penta-Guide Phantom 

I. INTRODUCTION  

A treatment technique like IMRT, which delivers highly 
conformal dose distributions, needs image guided tech-
niques to ensure an accurate patient position every day. 
Therefore daily CT images were done prior the treatment to 
verify the patient position and if necessary to do an adjust-
ment. We use a MV cone beam CT as well as an in-room 
CT. The quality assurance procedure for the image guiding 
components is based on a phantom, which is in use for both, 
the in-room CT and the cone beam setup.  

II. METHOD AND MATERIAL 

The treatment setup at DKFZ includes patient immobili-
zation by mask and/or vacuum mattress. The therapy unit is 
a Siemens Artisté™, generating 6MV photons. The in-room 
CT is a single slice Somatom™ Emotion made by Siemens. 
Due to architectural conditions, the in-room CT is arranged 
in a right angle to the LINAC. The potential of MV cone 
beam is given by the Artisté™ LINAC. Depending on the 
patient case, the in-room CT or the cone beam CT is in use.  

 

A. IGRT with cone beam CT 

 Using the MV cone beam for image guidance, the pa-
tient is positioned in the laser marked isocenter, as common 
for treatment. The flatpanel detector of the LINAC is ar-
ranged in such a way, that the central pixel detects the iso-
center.  The cone beam and the planning CT are registered 
by using a mutual information algorithm. The deviation 
between this registration and the physically known isocenter 
described by the center pixel of the detector is shown in a 
vector for direct table movement. 

 
B. IGRT with in-room CT 

Whereas for the MV cone beam the alignment to the CT 
data set and the treatment isocenter is inherent, for the in-
room CT localizers are indispensable. These localizers, 
which are attached to the stereotactic base frame and visible 
in CT-scans define a stereotactic coordinate system for 
every image series done within the whole treatment includ-
ing planning CT as well as additional image series, such as 
MRT and PET. In the same manner, they are here used to 
align the daily CT scans. 

An automated evaluation is used to detect possible setup 
errors. At first, the planning software registers the coordi-
nate system by detecting the stereotactic localizers in each 
CT slice. After that, the software analyzes the data sets 
using mutual information algorithm to register the two im-
age series independently from their coordinate system. The 
shift between these two data sets, the stereotactic and the 
MI registered data sets, can then easily be transformed into 
a correcting vector for table movement.  

 
C. Quality Assurance 

The basic idea for the QA procedure was to simulate a 
misaligned patient setup and to check, whether the calcu-
lated shifting vector is correct or not. 

For the quality assurance we use the QUASAR™ Penta-
Guide Phantom (Fig.1) for both, the cone beam and the in-
room CT. This cube shaped phantom has several inho-
mogeneities inside, which are detectible with kV CT as well 
as with MV cone beam. On its surface two different target 
points are marked. One of the two target points positioned 
in the isocenter is archived quasi as planning image series, 
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while the other target point is positioned in isocenter for a 
daily quality assurance.  

 

 
Fig. 1: QUASAR™ Penta-Guide Phantom [1] 
 
To verify the image guidance of the MV cone beam, the 

second target point, marked on the phantoms surface is 
positioned in isocenter with the room laser. The output of 
the image guidance system in form of a correcting vector, 
so in x-, y, z-translation, is then compared with the known 
shift between the two target points. 

 
 

 
 
Fig. 2: QA setup for in-room CT 

 
As described above in case of the in-room CT there is no 

fixed isocenter shown by lasers. The reference system in 
this case is again given by the stereotactic system. Therefore 
we used an adapter, which provides fixed positions for both, 
reference system and target points (Fig.2). As done for 
patient setup a CT is acquired and the misalignment de-
tected by the system is compared to the real shift.  

 

III. RESULTS AND CONCLUSIONS  

Although the MV cone beam is more time saving than 
the in-room CT because major table movement isn’t neces-
sary, its soft tissue contrast is not sufficient in all cases. 
Additionally the dose charge is higher. For this reason we 
prefer the in-room CT for common treatment, even if in 
some cases, due to the configuration of treatment table and 
in-room CT, a MV cone beam is unavoidable. 

  
The Quasar™ Penta-Guide Phantom for quality assur-

ance is feasible and fail-safe for both setups. The measuring 
setup in case of the in-room CT is as fast as the common 
isocenter alignment. The whole procedure takes around five 
minutes and makes it practicable for a daily quality assur-
ance. 

 
First results show a vector deviation of approximately 

1mm. Statistical evaluation of the results will be presented. 
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Implementing Volumetric Modulated Arc Therapy (VMAT): Initial Dosimetric 
Results for Retrospective Patient Study 

A. Richter, J. Wilbert, T. Krieger, M. Guckenberger, K. Baier, F. Schwab, and M. Flentje 

University of Wuerzburg, Department of Radiation Oncology, Wuerzburg, Germany 

Abstract—Purpose: The aim of this work is to compare and 
evaluate the quality of treatment techniques: step-and shoot 
intensity modulation (IMRT) with Volumetric Modulated Arc 
Therapy (VMAT).  

Methods: Two different VMAT (VMAT-2°, VMAT-4°) and 
step-and-shoot 7-field IMRT (IMRT-7F) plans were retrospec-
tively created for patients undergoing radiotherapy for pros-
tate cancer. Plans were compared in terms of efficiency, num-
ber of monitor units and dose volume parameters. Finally, 
measured and calculated dose distributions for complete 
VMAT treatment plans were compared and evaluated. 

Results: The number of monitor units per treatment frac-
tion was similar for VMAT-2°, VMAT-4° and IMRT-7F tech-
niques with mean values of 540 MU ± 40 MU, 
505 MU ± 37 MU and 514 MU ± 61 MU, respectively. VMAT 
has been shown to reduce the time required for RT delivery. 
The representative dose value measured by an ionization 
chamber measurement in the high-dose region differed by -
2.1 %, -2.4 % and -0.7 % for VMAT-2°, VMAT-4° and IMRT-
7F compared to data from the TPS.  

Conclusion: VMAT and IMRT-7F provided quality dose 
distributions with acceptable target coverage and similar nor-
mal tissue sparing.  

Keywords—volumetric modulated arc therapy (VMAT), 
prostate, IMRT. 

I. INTRODUCTION  

Volumetric Modulated Arc Therapy (VMAT) is similar 
to intensity modulated arc therapy. VMAT is a dynamic 
treatment technique which provides continuous variation of 
dose rate, gantry speed and multileaf collimator during 
delivery (1, 2). Single arc techniques deliver the whole 
treatment within only one rotation of the gantry therefore 
delivery time is potentially shorter with VMAT (1, 3). It 
was reported about some early comparison studies in the 
literature which investigated suitability of VMAT technique 
for prostate and lung cancer (1, 4, 5).  

This work describes initial results of the implementation 
of the VMAT technology at the Department of Radiation 
Oncology in Wuerzburg with focus on the current equip-
ment combination. Experiences in retrospective planning 

study and quality assurance are reported for patients under-
going RT for prostate cancer.  

II. MATERIALS AND METHODES 

A. Planning Study 

Treatment unit was an Elekta SynergyS (Elekta Oncol-
ogy Systems Ltd., Crawley, West Sussex, UK) equipped 
with a BeamModulator which was commissioned in Pinna-
cle 8.1c (Pinnacle³TM, Philips Radiation Oncology Systems, 
Fitchburg, WI, USA). Minimum static/dynamic leaf gap 
was set to 3 mm to ensure continuous irradiation without 
interruption due to leaf tolerances/collisions. The following 
parameters were defined before starting VMAT optimiza-
tion: total treatment time (120s, 240s), start/stop angle and 
gantry angle spacing (2° or 4°).  

In the current software version the VMAT optimization 
resulted in segments with open leaf pairs although they did 
not expose the target from any gantry angle. Due to the 
predefined minimum leaf gap (3 mm) these leaf pairs still 
had a minimum leaf gap of 3 mm after VMAT optimization. 
Therefore in-house software was used after finishing the 
optimization process to modify positions of leaf pairs which 
were closed during the whole treatment. These leaves were 
positioned under the fixed side jaw and closed to the static 
leaf gap specified for the machine. The dosimetric influence 
of opened and closed leaf gaps was evaluated for a ring 
structure around PTV1 (1.5 cm).  

In a retrospective planning study IMRT-7F and two 
VMAT techniques (VMAT-2°, VMAT-4°) were compared 
regarding dose coverage of target volumes and normal tis-
sue sparing (rectum and bladder) for ten prostate cancer 
patients treated with simultaneous integrated boost (SIB). 
Gross target volumes (GTV) were delineated for prostate 
with seminal vesicles (GTV1) and prostate including base 
of seminal vesicle (GTV2). Planning target volumes (PTV1 
and PTV2) were defined by expanding GTV1 (10 mm, 
7 mm dorsal) and GTV2 (5 mm excluding rectum).  

The following dose levels, corresponding to D95, were 
chosen for this study: 60 Gy to PTV1 and 74 Gy to PTV2 in 
33 fractions. Note that D95 is defined as the minimum dose  
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received by 95 % of the target volume. An additional objec-
tive was a mean dose of 76.2 Gy to PTV2. IMRT-7F and 
VMAT plans were optimized using identical objectives and 
optimization parameters. The comparison of the quality of 
the plans was evaluated by means of DVH parameters. Dose 
in the organs at risk (OARs) was evaluated by the volumes 
receiving 40 Gy or 70 Gy (V40 Gy, V70 Gy).  

The IMRT-7F technique consisted of 7 evenly distributed 
beams, 30 segments in total. For VMAT optimization, start 
and stop angles were set to 182° and 178°, respectively, for 
a clockwise rotation. Two VMAT plans were optimized 
which differed in gantry spacing of 2° (VMAT-2°) and 4° 
(VMAT-4°). Inverse planning was performed with the same 
set of objectives for PTVs and OARs for both techniques.  

Delivery time was assessed for VMAT and IMRT-7F 
techniques. Delivery time was defined as the time span 
between irradiation of the first and last delivered segment 
for each fraction, excluding phantom setup and positioning.  

B. Quality Assurance 

Standard quality assurance (QA) was performed with an 
in-house-developed phantom to verify the planned dose 
distribution. For three patients the whole treatment plans 
were transferred to phantom geometry including monitor 
units. The QA process included absolute dosimetry with a 
1 cm³ ionization chamber measurement (Model M23331-
0328, PTW-Freiburg) and relative dosimetry with film (Ko-
dak EDR2, Eastman Kodak Company, Rochester, N). Ex-
posed films were processed and analyzed using a Vidar 
scanner VXR-16 DosimetryPro (Vidar Systems Corpora-
tion, Herndon, VA) and Scanditronix, Omni Pro-IMRT 
RT1.5 software (Scanditronix-Wellhöfer/IBA, Uppsala, 
Sweden) to obtain measured dose distributions. Planar dose 
distributions were calculated in phantom geometry for film 
verification. Planned and measured dose distributions were 
analyzed by means of the gamma evaluation method using 
3 % and 3 mm. The pass criterion was that 90 % of the data 
points were within the gamma threshold.  

III. RESULTS 

A. Planning Study 

Less impact on dose coverage was seen for the parame-
ters total treatment time and gantry spacing. VMAT and 
IMRT-7F plans achieved comparable homogeneity in PTV1 
and PTV2. Dose in the surrounding tissue was blurred for 
the VMAT technique which resulted in reduced high dose 
and increased low dose to the OARs. Dose distribution and 
dose volume histogram for both techniques are shown in 

figure 1. Mean difference in normal tissue sparing of the 
bladder (V40 Gy) was 5 % and 8 % for VMAT-2° and 
VMAT-4° compared to IMRT-7F. Mean difference for 
V70 Gy of OARs was minimal.  

The influence of open and closed leaf gaps is illustrated 
in figure 2 and was quantified by means of a ring structure 
around PTV1: V 15Gy decreased by 5 % when closed leaf 
pairs were moved under the fixed side jaw. As expected, the 
high dose region remained unaffected.  

The number of monitor units per treatment fraction was 
similar for VMAT-2°, VMAT-4° and IMRT-7F techniques 
with mean values of 540 MU ± 40 MU, 505 MU ± 37 MU 
and 514 MU ± 61 MU, respectively. Mean treatment time of 
IMRT-7F was 5 minutes 49 seconds while both VMAT 
applications showed significantly reduced treatment time of 
2 minutes 10 seconds.  
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Fig. 1 Dose distribution in sagital and axial view for IMRT-7F (a, b) and 
VMAT (c, d). Parameters for target volumes and OAR are shown in the 
dose volume histogram (e) for IMRT-7F (solid line) and VMAT-2° 
(dashed line) 
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B. Quality Assurance 

The QA determined the deviation between TPS dose cal-
culation and phantom measurements. The results showed 
only minimal deviation within the limits of 4 %, as recom-
mended by AAPM (6). The dose value of the ionization 
chamber measurement in the high-dose region differed by -
2.1 %, -2.4 % and -0.7 % for VMAT-2°, VMAT-4° and 
IMRT-7F compared to data from the TPS. Dose difference 
between calculated and measured planar dose resulted in 
small difference which was within the predefined limits 
(3 %, 3 mm) in the high-dose region.  

IV. DISCUSSION 

VMAT and IMRT-7F provided quality dose distributions 
with acceptable target coverage and similar normal tissue 
sparing. The VMAT dose distribution in the surrounding 
tissue was blurred due to the dynamic delivery during gan-
try rotation. A larger volume of normal tissue is irradiated 
with low-dose which means an increased risk of secondary 
malignancies (5, 7).  

In agreement with the data in the literature (1, 4, 5), 
VMAT has been shown to reduce the time required for RT 
delivery compared with IMRT. The technique allows more 
efficient delivery with increased patient throughput.  

Treatment of prostate cancer with an integrated boost 
concept represents a semi-complex arrangement of target 
volumes and organs at risk. Additional studies are needed to 
evaluate VMAT for other anatomic sites and to clinically 
evaluate the outcomes after VMAT (5).  

A preclinical software version was used for creating 
treatment plans. The problem of opened leaf gaps occurred 
in this software version which was overcome by reposition 
closed leaf pairs employing in-house software. The modifi-
cation was necessary to create deliverable VMAT plans. 

This problem will be solved in next versions of the treat-
ment planning software.  

Although the results appear promising, they cannot be 
generalized to other sites until the appropriate planning 
studies have been conducted. Initial quality assurance 
should be performed for simple test patterns before going 
clinical with VMAT as suggested by Bedford et al. (1). 

V. CONCLUSION 

VMAT and IMRT-7F provided quality dose distributions 
with acceptable target coverage and similar normal tissue 
sparing.  
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Fig. 2 Sagital view of VMAT dose distribution. Dosimetric influence of 
opened (a) and closed (b) leaf gaps can be seen in the difference of the 
22 Gy and 7 Gy isodose level, especially in caudal direction 
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Abstract—Modern HDR brachytherapy treatment for pros-
tate cancer based on the 3D ultrasound (US) plays increasingly 
important role. The purpose of this study is to investigate 
possible patient movement and anatomy alteration between the 
clinical image set acquisition, made after the needle implanta-
tion, and the patient irradiation, and their influence on the 
quality of treatment.  

We used 3D US image sets and treatment plans of 48 pa-
tients obtained right after the needle implantation (clinical 
plan is based on this 3D image set) and before and after the 
treatment delivery. We notice the slight decrease of treatment 
quality with increase of time between the clinical image set 
acquisition and the patient irradiation. Change of Dose-
Volume-Histograms (DVHs) for prostate, urethra, rectum and 
bladder and conformity index COIN are presented, which are 
the effect of prostate, OARs and needles displacement. 

We show that in the case that there is patient body move-
ment/anatomy alteration this results in modification of DVHs. 
Still, since we use each implant for one only fraction and the 
maximum time that the needles remain implanted is 69.2 min, 
all plans based on pre and post irradiation imaging are fulfill-
ing our protocol. The observed average displacement of  
needles (1 mm) and of prostate (0.57 mm) is quite small as 
compared with the average displacement noted in several 
other reports1-4 in the literature and does not cause unaccept-
able treatment plans.  

Keywords—3D US, HRD brachytherapy, prostate, DVH, 
COIN. 

I. INTRODUCTION  

High Dose Rate (HDR) Brachytherapy for treating local-
ized prostate cancer tumors utilizing 3D ultrasound (US) 
and 192Ir based remote afterloaders is becoming more and 
more popular. This is because US in contrast to other 3D 
imaging modalities (CT, MR) can provide real-time, accu-
rate 3D information on the size and the position of the target 
volume, and position of critical organs and in addition for 
real time tracking and navigation of needles.  

Our aim was to investigate the influence of possible pa-
tient movement and anatomy modification on the quality of  
 

delivered therapy: the effect of patient movement and anat-
omy change (after the needle implantation and 3D image set 
acquisition) on needle and organ dislocation and the conse-
quences that this generates on DVHs and conformity index 
(COIN).  

In our procedure clinical plan (1) is based on the 3D im-
age set acquired after all needles were implanted. Following 
this, new prostate and OARs’ contouring is done by radia-
tion oncologist. Needle reconstruction and finally the treat-
ment plan are prepared by medical physicist.  

At this point, just before beginning the patient irradia-
tion, we acquire the second 3D image set, on which the  
pre-irradiation plan (2) used in our study was prepared. 
Post- irradiation plan (3) was realised based on the 3D im-
age set obtained after the completion of patient irradiation.  

II. METHODS AND MATERIALS 

A. Introduction 

Our study is based on data of 48 prostate cancer patients 
who received 3D-US based HDR brachytherapy treatment. 
For the 38 of 48 patients treatment was made under spinal 
anesthesia, by 8 of them under caudal block and in 2 cases 
under general anesthesia. For each of these 48 patients we 
acquired additionally post-treatment 3D image set, and for 
25 of them, we also made the pre-treatment 3D image ac-
quisition. Based on these image sets, the PTV and OARs 
were contoured, needles were reconstructed. The active 
dwell positions and the dwell times of the clinical plan were 
then applied to create the pre- and post-treatment plans. 

It is important to mention that our procedure requires that 
the US-probe, positioned with the transversal detector at the 
base plane, remains unchanged within the rectum after ac-
quisition and until the irradiation has finished. 

In our institution the 3D-US based pre-planning, the trans-
perineal implantation of needles using template and the intra-
operative planning and irradiation is realized using the  
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real-time dynamic planning system Oncentra Prostate1. All 
pre-plans and all the inverse optimization of clinical plans 
were based on HIPO5 using the modulation restriction option. 

The mean volume of prostate (PTV) for the 48 cases is 
35.0cm³ with minimum volume of 17.4cm³ and maximum 
of 59.6cm³.  

Average time spent between the clinical (1) and the pre-
irradiation (2) 3D acquisition was (50.4±9.0)min, and be-
tween the pre- (2) and post-irradiation (3) acquisition 
(18.8±2.2)min.  

Our clinical protocol is based on DVH-parameters and is 
listed in Table 1. 

Table 1 Clinical protocol for HDR brachytherapy of prostate 

Parameter  Value 
D90 - Prostate ≥ 100% of reference dose 
V100 - Prostate ≥   90% 
V150 - Prostate ≤   35% 
D10 - Urethra ≤ 115% 
D0.1cm³ - Urethra ≤ 120% 
D10 - Rectum and D10 - Bladder ≤   75% 
D0.1cm³ - Rectum and D0.1cm³ - Bladder ≤   80% 

The clinical plans (1) for all 48 cases are satisfying these 
conditions. 

B. PTV and OARs Movement 

We measured the shifts of prostate and OARs between 
the clinical and pre-; and clinical and post-irradiation plan.  

Shifts of prostate contours in x, y and z directions (ac-
cording the DICOM coordinate system) had been measured 
on the reference plane. 

As we expected the largest displacement for urethra, we 
measured the dislocation of urethra not only on reference, 
but also on base and apex plane between the clinical and 
pre- and also clinical and post-plan.  

C. Needle Displacement 

By needles, we did not only measure the displacement on 
base, reference and apex plains, but also the changes in 
needle depth between the clinical and pre-; and clinical and 
post-irradiation plan. 

D. Plan Evaluation 

For prostate (PTV) and OARs (urethra, rectum and blad-
der), we compared a number of relevant DVH6 parameters 
                                                           
1 By Nucletron Company. 

calculated for the clinical, pre- and post-treatment plan. 
Used parameters are shown in Table 2. 

Table 2  DVH parameters used in study 

Organ  Value 
Prostate  D90 D95 D1cm³

 V100 V120 V150 V200 

Urethra  D10 D0.1cm³ D1cm³ D1 V100   
Rectum  D10 D0.1cm³ D2cm³ D1    
Bladder  D10 D0.1cm³ D2cm³ D1    

These parameters are the best indicators of the influence 
of the patient body movement and anatomy changes on 
quality of patient treatment. They show, not only the change 
in PTV coverage with the reference dose and homogeneity 
of dose distribution, but are also providing us with data 
about the amount of irradiation that the organs at risk re-
ceived. 

E. COIN 

In the paper of Baltas et al7 a conformal index COIN was 
proposed as a measure of implant quality and dose specifi-
cation in brachytherapy which takes into account patient 
anatomy, both of the tumor and normal tissues and organs.  

For our study, we have compared COINs including 
OARs, for the reference dose Dref. 

All comparisons are done using the student paired t-test, 
two-sided statistical method. 

III. RESULTS  

A. PTV and OARs Movement 

Anatomical alteration and patient movement can cause 
PTV and OARs movement. Average shift of prostate (PTV) 
between the acquisitions (1) and (2) in X direction is: (0.1± 
0.2) mm and in Y: (0.4±0.6)mm. Between the acquisitions 
(1) and (3) this movement is: in X direction (0.1±0.3)mm 
and in Y (0.4±0.7)mm. For the acquisitions (2) and (3), just 
before and immediately after irradiation, this movement is 
negligible: (0.0±0.0)mm in X- and (0.1±0.3)mm in Y-
direction.  

As expected, the largest displacement is observed for 
urethra. The urethra shift between the clinical acquisition 
(1) and acquisitions (2) and (3) on the base, reference and 
apex planes are shown in Figure 1. The mean value on a 
base plane is: r21 (0.6±0.7)mm and r31 (0.7±1.1)mm, refer-
ence r21 (0.6±0.7)mm  and r31 (0.7±0.9)mm; and apex: r21 
(0.6±0.8)mm and r31 (0.7±1.0)mm. 
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Fig. 1 Urethra shifts on base, reference and apex planes 

B. Needle Displacement 

Needle reconstruction was made for each image set. 
Needle displacement between different image sets: (1), (2) 
and (3), is presented in Figure 2. For each case, we meas-
ured the needle dislocation on base, reference and apex 
plane between the acquisitions (1)-(2) and acquisitions  
(1)-(3).  

The largest displacement of needles, was found on the 
base plane, between clinical (1) and post-treatment acquisi-
tion (3). In all but one case is the maximum needle move-
ment less than 1.5mm (Figure 2).  
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Fig. 2 Needle dislocation 

We noticed that the observing the relative shift of needles 
according to prostate and other OARs has much more sense 
than looking on influence of absolute dislocation of needles 
and/or organs separately. It remains within a range of 0.1 to 
1.3mm with an average of (0.6±0.3) mm. Our results dem-
onstrate that the relative difference of D90 between the clini-
cal and post-treatment plan depends on the relative  
displacement of needles relative to prostate (Figure 3). 
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Fig. 3 Dependence of prostate D90 on relative displacement of needles 

C. Dose-Volume-Histograms (DVHs) 

At first, we present the results of our analysis regarding 
the influence of patient movement and anatomy changes on 
the DVHs. In Figure 4, the analysis for D90 for prostate is 
shown. The changes of D90 values between clinical and pre- 
and post-irradiation are significant (p<0.05). At the 0.05 
significance level the D90 values of pre- and post-treatment 
plans are not significantly different.  

Mean value for the D90 of prostate, for the clinical plans 
is (103.7 ±1.9)% of Dref, for pre-irradiation plans 
(102.2±2.1)% and for post-treatment it is (101.6±2.7)%. 
There are only four (of 25) pre-irradiation plans with D90 
values of 97.5, 97.7, 97.8, and 99.9% and thus below 100%. 
The minimum value for D90 for the post-treatment plan was 
95.5%. There are ten (of 48) post-treatment plans with D90 
value less than 100% with values within range of (95.5 to 
99.17)%. Due to the fact that all observed changes of D90 
are less than 5% all these plans are considered to be clini-
cally acceptable. 
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Fig. 4 Comparison of D90 values for prostate for clinical, pre- and post-
irradiation plans 
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Similar results were observed for all other DVH parame-
ters for prostate: D95, D1000mm

3, V100, V120, V150, V200. The 
maximum observed change was again less than 5 %. 

For urethra and for 46 cases (96%) the D10 value the pre- 
and post-irradiation plans remain below the limit of 115%. 
For one case in post- and for another case for both pre- and 
post-treatment plans the D10 value exceeds the limit of 
115% with a maximum observed value of 117.6%. D0.1cm

3 
remains for all cases under the limit of 120%. 

For bladder and for all cases the DVH parameters of all 
plans fulfill our protocol.  

For rectum only in one case and only for the pre-
irradiation plan the D10 value exceeded the limit of 75% 
(value of 76.6%). For D0.1cm³ in 5 individual cases: 3 (of 25) 
pre- and 3 (of 48) post-irradiation plans, there were values 
observed higher than 80%, with a maximum of 86.7% by 
one post-treatment plan. D0.1cm³  for the pre-irradiation plan 
of this case was 80.25%.  

D. COIN 

Figure 5 summarizes our results for the COIN values cal-
culated including OARs. The observed changes between 
clinical on the one hand and pre- and post-irradiation on the 
other hand are statistically significant. This is not the case 
for the observed differences between pre- and post-
irradiation plans. The COIN values for all pre-irradiation 
plans remain above 0.8, where only for 2 (of 48) post-
irradiation plans the COIN drops below 0.8 (0.78 and 0.79). 
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Fig. 5 COIN for the reference dose (100%) including OARs 

IV. DISCUSSIONS  

The measured mean shift of anatomy and needles 
(beams) is as low as 1.0mm that is lower by an order of 
magnitude to values known from external beam irradiation. 
For high modulated plans as those in HDR Brachytherapy 
such small shifts result in dosimetric changes which are in 
general lower than 5%. Our results demonstrate that quality 
assurance procedures have to be clinically implemented to 
guarantee anatomy and implant stability of the order of 
1mm. This can only be realized without any manipulation of 
the implant and anatomy as done in the case of removing 
the US-probe before treatment delivery.   
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Abstract— In this study prostate localization data is ana-
lyzed in order to evaluate the clinical usage of an intra-
modality 3D ultrasound Image Guided Radiotherapy (IGRT) 
system. Rigorous phantom-based quality assurance procedures 
ensure the accuracy of the system, reproducing the manufac-
turer stated alignment tolerances of ±±±±1 mm and ±±±±2 mm in the 
CT simulator and treatment room, respectively. 

The analysis is based on daily couch shift data which give 
the required alignment between the pre-treatment prostate 
and its nominal treatment position along the anterior-posterior 
(AP), right-left (RL), and superior-inferior (SI) directions. A 
total population of 927 couch shifts are considered, sampled 
from 28 prostate patients who have completed image guided 
radiotherapy treatment since the clinical introduction of the 
US system in September 2008. Systematic and random compo-
nents of the displacements are computed as mean values and 
standard deviations, respectively. 

Mean shift values and standard deviations for the entire 
data population are calculated to 0.0 ±±±± 4.4 mm AP, 0.9 ±±±± 3.7 
mm RL, and 0.2 ±±±± 3.7 mm SI. The deviations from a zero mean 
value are well within above stated tolerance of ±±±± 2 mm (treat-
ment room), indicating clinically insignificant overall system-
atic errors in the IGRT setup and alignment procedure. How-
ever, individual patients show significant systematic 
misalignment errors of up to 6.1 mm predominantly in the RL 
as well as AP directions. Potential sources of the systematic 
errors are discussed. 

Variations in prostate movement pattern between treatment 
fractions of less and greater than 50Gy are well within the 
system localization uncertainties, although an anterior shift of 
0.8 mm is statistically significant for doses in excess of 50 Gy. 

 

Keywords— ultrasound, image-guided radiotherapy, prostate 
localization 

I. INTRODUCTION 

The outcome of external beam radiotherapy (EBRT) 
treatment of prostate cancer can be compromised by geo-
metrical uncertainties in the target localization. Uncertain-
ties arise from the patient set-up relative to the treatment 
room coordinate system as well as from internal prostate 
gland motions. Internal organ motions are divided into in-
tra-fraction motions, occurring during radiation delivery, 
and inter-fraction motions, organ position variations over 

the time span of treatment planning and delivery. In prostate 
glands, the latter effect is clinically more significant [1]. 

In order to compensate for the geometrical uncertainties, 
a margin is added to the clinical target volume (CTV), giv-
ing the planning target volume (PTV). The rationale of 
image-guided radiotherapy (IGRT) is to provide a precise 
target localization in order to reduce the margin, thus de-
creasing the toxicity to normal tissue and improving the 
therapeutic index. 

At University Hospital Galway (UHG), Ireland, an intra-
modality 3D ultrasound-based IGRT system, ClarityTM 
(Resonant Medical, Montreal, Canada), for prostate local-
ization was introduced clinically in September 2008. The 
intra-modality approach allows the direct comparison of 
ultrasound (US) images acquired at treatment planning and 
pre-treatment stages, providing an increased alignment 
accuracy in comparison to cross-modality methods [2]. US 
IGRT adds no associated risks to patient treatments since 
the method is non-invasive and does not deposit a radiation 
dose. However, conflicting evidence about the accuracy of 
US system prostate alignments, specifically in comparison 
to IGRT with implanted fiducial markers and electronic 
portal imaging can be found in the literature [3, and refer-
ences herein]. 

The objective of this study is to provide an initial evalua-
tion of the clinical usage of the Clarity system. Since no 
other 3D IGRT system is available at UHG, the assessment 
has to be purely based on the statistical analysis of recorded 
prostate displacements and the comparison with published 
results of similar studies. 

II. MATERIALS AND METHODS 

A. Ultrasound IGRT system 
 
The Clarity system comprises two interlinked ultrasound 

stations based in the CT simulation room (US Sim) and in 
the treatment room (US Guide) respectively, in order to 
implement the intra-modality approach. Each station fea-
tures a 2D-ultrasound probe, fitted with an active infrared 
(IR) emitter array, and a ceiling-mounted infrared stereotac-
tic camera. The position of the probe during an US scan can 
be tracked in real time by the camera, thus allowing the 
reconstruction of 3D US images of the target areas. The 

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

W C. Schlegel I, pp. 488–491,



systems are calibrated to the corresponding CT and Linac 
coordinate systems by means of a vendor-supplied calibra-
tion phantom. 

The clinical workflow requires first the acquisition of US 
images at CT simulation. The US and CT images are fused 
and the prostate is according to UHG clinical practice 
manually segmented on the US image, defining the posi-
tioning reference volume (PRV). Subsequently, US scans of 
the abdomen are performed on a daily basis prior to treat-
ment delivery. The locations of the prostate at time of plan-
ning and treatment delivery are compared and couch shifts 
along the anterior-posterior (AP), right-left (RL), and supe-
rior-inferior (SI) directions are applied in order to align the 
gland to the correct nominal treatment position given by the 
PRV. 

The image guidance process is subject to rigorous quality 
assurance (QA) procedures as recommended by the manu-
facturer. On a daily basis, the calibration of the system to 
the coordinate systems of the CT and treatment rooms are 
verified by localizing a spherical target embedded in the US 
phantom and comparing the measured centre coordinates 
with the nominal value. Based on the finite resolution of the 
IR camera and the US probe, the manufacturer states a tol-
erance of ± 1mm and a cumulative tolerance of ± 2 mm for 
the phantom target localization in the CT and treatment 
room, respectively [4]. Above tolerances could be repro-
duced and proved to be stable over time for all three direc-
tions. 

On a monthly basis, the quality of the CT-US image fu-
sion as well as the 3D US image reconstruction are con-
firmed. In order to simulate clinical misalignments of a 
target volume, the phantom is shifted by a defined offset 
and the correct response of the guiding system is verified. 

 
B. Statistical Analysis of Couch Shift Data 

 
The statistical analysis is based on daily couch shift data 

which represent clinical prostate misalignments. Shifts are 
given in the AP, RL, and SI direction. The initial data set is 
sampled from 28 patients who have started and completed 
their treatment under image-guidance to-date since the sys-
tem became clinical in September 2008. With a typical 
prostate treatment course of 74 Gy delivered in 37 fractions, 
couch shift data of a total number of 927 treatment fractions 
are used for the analysis. 

The shift data are decomposed into systematic and ran-
dom displacements by computing mean values and standard 
deviations, respectively. The systematic component de-
scribes a patient-dependent constant displacement in the 
treatment preparation, that is, a constant shift between plan-
ning and treatment anatomy. The random component refers 

to the treatment execution, reflecting day-to-day variations 
around a systematic displacement [5, 6]. Above descriptive 
statistics is applied both to the entire data set and to each of 
the 28 subsets of individual patient displacement data. 

The potential of the US IGRT system to reduce treatment 
volumes is investigated by calculating margins based on 
patient-population statistics. Mean values and standard 
deviations, that is, the systematic and random variations for 
each subset of patient couch shift data are computed. The 
population displacement characteristics are then described 
by the average (μ) and standard deviation (Σ) over all pa-
tient systematic variations, as well as the root-mean-square 
average (σ) over all patient random variations. Following an 
approach by van Herk et al. [6], PTV margins can be esti-
mated by 

PTV margin = 2.5Σ + 0.7σ  (1) 

using above parameters. According to Lattanzi et al. [7] 
margins can be further reduced over the course of a treat-
ment because prostate movement patterns are becoming 
more restricted at radiation doses in excess of 50 Gy, a 
threshold dose corresponding to 25 fractions in a UHG 
prostate treatment course. In order to compare the system-
atic and random variations and the PTV margins between 
the first 25 fractions and the remaining fractions, above 
calculations have been repeated for the 25 fractions and 
remaining fractions subsets. 

III. RESULTS 

 For the entire population of couch shift data, the results 
of the statistical analysis are given in Table 1. Negative 
values indicate shifts in the posterior, right, and superior 
directions. The mean values and associated standard devia-
tions (1σ) are determined as displacements of 0.0 ± 4.4 mm 
AP, 0.9 ± 3.7 mm right, and 0.2 ± 3.7 mm superior. Mean 
values differing from zero indicate systematic errors within 
the image-guidance procedure. Here, the maximum devia-
tion from zero amounts to a lateral shift of 0.9 mm. This 
value lies well within the error margins of ± 2 mm, suggest-
ing that the overall systematic errors along the three dimen- 

 
Table 1 Summary of the analysis of daily couch shifts for the entire data 
population 
 

 AP RL SI 

Mean (mm) 0.0 -0.9 0.2 

Standard deviation (mm) 4.4 3.7 3.7 

Maximum (mm) 16.4 17.6 12.3 

Minimum -12.8 -13.6 -10.9 
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Fig. 1 Mean, standard deviations (error bars), maximum and minimum 
(triangles) couch shifts, organized by patient 

 
sions are clinically insignificant. 

The random components show similar values varying be-
tween 4.4 mm (AP) and 3.7 mm (RL, SI). The magnitudes 
of the maximum displacements are comparable along the 
AP and RL directions with shifts of 16.4 mm and 17.6 mm, 
respectively, while the SI value exhibits a slightly reduced 
shift of 12.3 mm. 

The analysis of the 28 patient specific data subsets is 
summarized in Fig. 1. For each patient, mean couch shifts 
and standard deviations (1σ), denoted by error bars, are 
given. Triangles indicate the respective maximum and 
minimum shifts. The subsets are based on 24 to 37 daily 
prostate localization data sets, depending on the frequency 
of image-guidance performed for individual patients over 
the 37 fractions treatment course. 

Significant displacements from zero mean values are ap-
parent within the patient subsets. In the AP, RL, and SI 
direction 15 (54%), 10 (36%), and 4 (14%) patients, respec-
tively, show deviations outside the ± 2 mm tolerance. The 
data indicate systematic errors of up to 6.1 mm in the setup 
and IGRT procedures, in particular along the AP and RL 
directions. Potential error sources will be discussed in sec-
tion IV. The random errors, expressed as standard devia-
tions, exhibit only small variations about a value of ± 3.2 
mm across the patient population, irrespective of the direc-
tion. The maximum and minimum shifts indicate a consid-
erable range of possible prostate movements in all three 

dimensions with values of up to 17.6 mm (RL). Overall, the 
maximum and minimum shifts per patient vary with the 
sign and magnitude of the systematic error, that is, the 
maxima will increase with increasing positive systematic 
errors and the absolute values of the minima will increase 
with decreasing negative systematic errors. However, with 
systematic errors close to zero, 4 patients exhibit significant 
shifts > 10 mm, which probably represent isolated scanning 
errors. 

The estimated PTV margins and associated statistical pa-
rameters are summarised in Table 2 for different treatment 
fraction subsets. Based on data of all treatment fractions, 
margins are calculated to 9.7 mm, 7.5 mm, and 6.4 mm in 
the AP, RL, and SI directions, respectively. Comparing the 
first 25 fractions and the remaining fractions subsets, the 
differences in mean shifts (μ) are < 1 mm for all directions 
and therefore within the measurement tolerance of the US 
system. The AP difference of 0.8 mm is statistically signifi-
cant on a 95% confidence level, as shown by a t-test, indi-
cating a slight albeit clinically not significant change in 
mean prostate motion. Accordingly, the estimated PTV 
margins differ by less than 1 mm across the treatment frac-
tion subsets. Thus, the data do not corroborate a clinically 
significant change in prostate motion pattern as a function 
of cumulative radiation dose. 

IV. DISCUSSION 

Based on the analysis of the entire population of 927 im-
age-guided treatment fractions, no clinically significant 
systematic errors were observed in the three directions of 
couch shift data. The random variations are comparable to 
the results of similar studies of the Clarity US system, 
which give standard deviation ranges from 4.4 to 7.9 mm, 
2.9 to 4.4 mm, and 4.7 to 7.2 mm along AP, RL, and SI, 
respectively [2, 3, 8]. Only the SI standard deviation of 3.7 
mm in this study is slightly smaller than the respective lit-
erature values. 

On an individual patient basis though, significant sys-
tematic errors > ± 2 mm became apparent with the majority 
of these errors occurring in the AP and RL directions. Sys-
tematic errors are affected by the patient setup, the overall 
system performance, the image quality, the segmentation 
method used for prostate contouring, and the probe pressure 
exerted on the abdomen. Results of above QA procedures 
confirm that the IGRT system performs well, meeting the 
positioning tolerances of ± 1 mm (US Sim) and ± 2 mm (US 
Guide) on a daily basis. The image quality is predominately 
controlled by the patient bladder filling with a full bladder 
acting as an acoustic window. At UHG, a strict bladder 
filling protocol is adhered to in order to assure an optimal 
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Table 2 Comparison of the systematic and random variations and PTV margins between all fraction, the first 25 fractions, and the remaining fractions 
 

 All fractions First 25 fractions Remaining fractions 

 AP RL SI AP RL SI AP RL SI 

μ (mm) 0.0 -0.8 0.2 -0.3 -0.9 0.1 0.5 -0.7 0.2 

Σ (mm) 2.9 2.2 1.6 3.0 2.4 1.9 3.1 2.2 1.6 

σ (mm) 3.4 3.1 3.4 3.3 3.1 3.4 3.2 2.6 3.3 

PTV (mm) 9.7 7.5 6.4 9.8 8.1 7.1 9.9 7.4 6.2 

Total fractions 927 927 927 620 620 620 307 307 307 

 
image quality. 
 The Clarity system offers two different prostate seg-
mentation modes which can be employed at time of treat-
ment delivery. While the assisted segmentation mode is 
algorithm-based and requires only minimal user interven-
tion, the manual segmentation mode involves visual match-
ing of the positioning reference volume with the prostate 
target on daily treatment scans. Johnston et al. [3] recom-
mend the manual segmentation method, providing a better 
prostate positioning agreement with fiducial marker IGRT 
than assisted segmentation. Manual segmentation was ap-
plied here, but its accuracy will be highly dependent on the 
experience of the user, particularly in case of deteriorated 
image quality. Thus, a high inter-user variability can be 
expected. Probe pressure effects, displacing the prostate 
posteriorly and inferiorly, have been minimized by using a 
trans-abdominal scanning technique. 

Further detailed analysis on an individual patient basis is 
required in order to identify those processes within an IGRT 
procedure that contributed to the observed systematic errors. 

The PTV margins calculated in this study are up to 3.4 
mm smaller than the values of 13.1 mm (AP), 7.6 mm (RL), 
and 9.8 mm (SI), reported by Johnston et al. [3] for the 
Clarity system in manual segmentation mode. In UHG 
clinical practice, the CTV is expanded by 10 mm, with the 
exception of a posterior margin of 7 mm. The calculated 
margins (9.7 mm AP, 7.5 mm RL, 6.4 mm SI) will only 
allow for a small reduction of above clinical PTV. How-
ever, the statistically-derived margins ensure coverage of 
the CTV with 95% of the prescribed dose for a confined 
subset of 90% of all patients, and therefore have to be re-
garded as lower limits [6]. The AP margin might have been 
overestimated due to the high incidences of systematic er-
rors along this direction in the patient data. 

V. CONCLUSIONS 

This study provides an initial analysis of prostate dis-
placement data, collected during the first five months of the 
clinical use of an intra-modality US IGRT system. The 

overall systematic errors in the setup and IGRT procedures 
are clinically insignificant. The random errors and statisti-
cally-derived PTV margins compare well with published 
data. Discrepancies within AP and RL couch shift data of 
individual patients have to be further explored. 
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Quality assurance of a robotic, image guided radiosurgery system  

C. Drexler and C. Fürweger  

Europäisches Cyberknife Zentrum München-Großhadern, Medical Physics, Munich, Germany  

Abstract— The CyberKnife® (Accuray Inc., Sunnyvale, CA, 
USA) technology constitutes a new concept in the precise deli-
very of therapeutic doses for stereotactic radiosurgery 
(SRS)[1]. Image guidance and highly accurate robotics replace 
the sharp fixation which characterized SRS systems in the 
past. The overall system targeting precision is specified to be 
below 1 mm [2]. Evolving from our growing experience with 
the system we have developed a QA schedule which exceeds 
manufacturer recommendations and includes specific tests of 
all involved system components: robot, imaging and the target 
location system (TLS), as well as the motion tracking system 
(MTS) for moving targets. Overall system performance is 
evaluated with a phantom-based end-to-end (E2E) test for 
various tracking modalities. The results are confirming the 
manufacturers specifications as well as the system stability: the 
‘Manipulator Positioning Test’ revealed a mean deviation 0.19 
mm (max. deviation for a single robot position: 0.7 mm) from 
the initial system calibration.  Target tracking results showed 
differences of 0.30 ± 0.05 mm for translations and 0.33° ± 0.10° 
for rotations between nominal and measured phantom posi-
tion. The daily AQA test resulted in a mean radial error of 
0.46 ± 0.17 mm (494 tests), This corresponds well with the 
results of our E2E tests: 0.47 ± 0.24 mm. Our QA measures 
have proven to be suitable for verification of CK system per-
formance. We are able to trace back a general decrease in 
precision to individual system components, allowing for specif-
ic recalibration measures. 

Keywords— Quality Assurance, Robotic Radiosurgery, Cy-
berknife, Image Guidance 

I. INTRODUCTION 

A. Cyberknife Technology  

The Cyberknife (CK) utilizes a robotic arm (KUKA Ro-
boter GmbH, Augsburg, Germany) and a sophisticated 
image guidance system for a precise pointing of the treat-
ment beam towards the target within the body. Unlike gan-
try-based systems the cyberknife radiation source (single 
energy (6 MV) linear accelerator) can deliver non coplanar, 
non isozentric beams using a large solid angle. The image 
guidance system consists of a pair of ceiling mounted oil-
cooled x-ray tubes and corresponding digital detectors se-
curely mounted on the floor thus providing a set of 2 ortho-
gonal stereoscopic images. These images are registered with 
reference images derived from the thinly sliced (0.6 mm to 
maximum 1.2 mm slice thickness) CT Dataset which is also 

used for planning. The calculation of the digitally recon-
structed radiographs (DRR) reflects the exact geometrical 
proportions of the treatment room. The difference between 
the actual patient position and the position of the patient 
during the reference imaging is determined by comparing 
the position of previously implanted markers, unique bony 
anatomy or specific soft tissue information [3] [4] [5].  

In the pre-treatment setup phase translational differences 
as well as deviations in the pitch (patient head up or down) 
and roll (left – right patient rotations) are minimized by an 
automated move of the 5 axis treatment couch. Yaw (rota-
tions along the patient’s vertical axis) is corrected by manu-
ally moving the patient. During the treatment, which con-
sists generally of more than 100 individual beams, the 
position is controlled by default before the application of 
every beam. Different sets (treatment paths) of robot posi-
tions (nodes) account for different treatment geometries, 
e.g. a quasi-spherical distribution of nodes for cranial, a 
cylindrical for body treatments. 

 
B. Tracking Modes 

Besides the classical marker tracking the CK offers spe-
cial tracking modes for static and dynamic treatments based 
on matching anatomic structures: ‘6D skull’ tracking cor-
rects for translational and rotational deviations of the pa-
tient’s head during intracranial treatments. ‘XSight Spine’ 
(XSS) identifies unique features of the vertebra and applies 
non-rigid transformations to account for spine deformation. 
‘XSight Lung’ (XLT) extracts 3D offsets for dynamic track-
ing (Synchrony) of lung lesions based on a matching win-
dow technique, thus avoiding complications due to fiducial 
placement in the lung. 

The real time tracking of targets which move with respi-
ration – like metastasis in the lung and liver - is one unique 
feature of the CK. Chest motion of the patient is visualized 
by three optical markers attached to a vest with snug fit. The 
signal is continuously picked up by a camera array generat-
ing a 3D breathing pattern. By correlating this external 
signal with the target position gained by breathing-cycle 
triggered x-rays, a target motion model is generated before 
the treatment starts and verified throughout the treatment 
process [6].  The target position is determined by tracking 
implanted fiducials or – in selected cases -  soft tissue con-
trast (XLT). 
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C. Specific Considerations on Quality Assurance 

  Main components which are responsible for the system 
accuracy are the robotic manipulator and the imaging and 
target tracking system. Mechanical impact, increasing back-
lash in the joints, noisy readouts from the position encoders 
are just a few reasons for a degrading calibration of the 
robotic system.   Drifting x-ray output, decreasing imager 
performance, problems in the imaging processing and regis-
tering task as well as issues related with the quality and 
geometric consistency of the underlying computed tomo-
graphy (CT) scan are influencing proper targeting. As mal-
functioning of these components will ultimately lead to a 
maltreatment of the patient any negative changes in the 
performance has to be picked up by QA measures before 
those changes become clinically significant. No guideline 
currently exists on the Cyberknife specific QA tasks focus-
ing on these key components. There is work in progress by 
the American Association of Physicists in Medicine; a task 
group (TG-135) was formed to address QA for robotic ra-
diosurgery [6]. 

We are reporting our experience and results of Cyber-
knife specific tests from the last 3 years that are performed 
additionally to the standard QA procedures for the LINAC 
and the digital imaging, as specified by German regulations 
[7] [8]. 

II. METHODS AND MATERIALS 

A. CK-specific Calibration Procedures 

In the initial CK calibration process all relevant compo-
nents (imaging system, robot and treatment couch) are 
aligned to the machine center. This point is defined by the 
location of the ‘isocrystal’ mounted on a sturdy post 
screwed into the base frame. The isocrystal itself is a spher-
ical drop of resin at the end of a fiber optic light guide con-
nected to a photo diode. The robot is scanning the isocrystal 
in a grid pattern, starting from its nominal node coordinates. 
The offset vector from the nominal node coordinates to the 
robot position where the center of mass of the light intensity 
distribution was detected is used to correct the node posi-
tions. This process - called robot calibration - is performed 
for all nodes (approx. 120) of all – currently 7 - treatment 
paths.  

The imaging subsystem is adjusted, as a result the iso-
crystal x-ray image coincides with the center pixel of the 
imager detector.   

 

B. Accuracy Tests of the Manipulator 

We apply a twofold approach for QA of the manipulator 
subsystem: Correct joint positioning is verified by checking 
the mechanical mastering of the robot. Additionally, posi-
tioning and pointing accuracy of the linac head is examined 
for a representative number of individual nodes. 

Robot Mastering check (2 months interval): The master-
ing position of each joint is defined by a mechanical refer-
ence on the manipulator frame. For the mastering check, we 
approach the mechanical zero position of each joint with an 
accuracy of higher than 2*10-4 degree using an electronic 
mastering tool calibrated by KUKA. Readouts of all six 
resolvers are acquired at the mastering position. In order to 
account for statistical error in the approach of the mastering 
position, this procedure is repeated 5 times. 

Manipulator positioning check (monthly): This test is in-
tended to verify robot calibration and is based on a similar 
procedure: the robot successively moves the linac head 
through a number of nodes, which are distributed over all 
solid angles accessible during treatment. At each node, a 
linac-mounted laser is scanning the isocrystal using the 
calibrated position as the origin of the scanning grid. The 
coordinates of the maximum intensity are determined. The 
deviation of this point from the calibrated nominal node 
position is expressed in an x-y-z error vector, which is writ-
ten to a test log file. The average and the maximum offset 
are reported. In this manner, we monitor an incipient degra-
dation of robot calibration as well as a partial misalignment 
of the robot working frame. 

 
C. Tracking Tests 

Tracking precision is influenced by the quality of the 
used CT dataset, the performance of the stereoscopic X-ray 
system, the tracking algorithm and the user-defined imaging 
and tracking parameters, Thus, verification of correct track-
ing performance is a QA measure specific for the complete 
imaging chain of CK treatments. We perform tracking tests 
for skull and/or spine tracking every 6 to 8 weeks. 

An anthropomorphic head and neck phantom with seven 
cervical vertebrae is CT-scanned. This dataset is used to 
create a treatment plan with either the skull or the cervical 
spine section as tracking target. DRRs are generated. For 
the tracking tests, the phantom is firmly attached to the 
nozzle of the CK linac head. The robot moves the phantom 
to defined test positions in the imaging system frame of 
reference. For each stereoscopic image acquisition, the 
deviation of the tracked target from the reference position is 
calculated in 3 translational (left/right, anterior/posterior, 
superior/inferior) – and 3 rotational directions (roll, pitch, 
yaw). Results are compared to the known phantom position 
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to calculate the tracking error. The average root mean 
square (RMS) error for translations and rotations is reported 

 
D. System Performance Tests 

E2E: System performance tests cover the complete 
treatment chain from the CT scan, data transmission, treat-
ment planning, reference image generation and dose deli-
very and are referred to as E2E tests [9,10]. A simulated 
target in an anthropomorphic phantom can be loaded with a 
set of 2 orthogonal films, which are aligned with the edges 
of the cubic insert.   

A plan is generated and delivered to the phantom. Evalu-
ation of the film yields the 3D offset between the planned 
and the delivered dose distribution referred to as the total 
targeting error: 

                            (1)                        
    

We perform those tests as part of our monthly QA sche-
dule for all available target tracking modes.  

 
AQA: A cube containing a steel ball with a diameter of 

31.75 mm is centered using 4 fiducial markers. An isocen-
tric treatment, consisting of one vertical (Pos. A) and one 
horizontal beam (Pos. B), is delivered (fig.  2). The target-
ing error is determined from the offset of the shadow on the 
2 Gafchromic films with regard to the circular irradiation 
field for the left/right and superior/inferior direction (Film 
Pos A) as well as the anterior/posterior and superior/inferior 
direction (Film Pos B). The targeting error is calculated 
according to equation (1).  

 
  

 
 
Fig. 1 AQA geometry. The 2 Gafchromic films are perpendicular to the 

LINAC beam and close to the steel ball of the shadow phantom.   
 

This test is performed daily. Total Targeting Error as 
well as individual offsets were evaluated for periods ex-
ceeding 100 days after manipulator -recalibration.   

III. RESULTS 

A. Accuracy Tests of the manipulator 

The QA checks of robot mastering uncovered a slight 
drift for the base joint A1 (~0.006°) and the head joint A6 
(~0.01°) over 6 months (fig. 2). The medium joints A2 to 
A5 remained stable. 

 

Fig. 2 Stability of robot mastering over time. 

The manipulator subsystem check shows an increase of 
both the average and the max error with time after calibra-
tion. After 6 months, the average error increased to 0.2 mm, 
while individual beams exhibited an offset of up to 0.5 mm 
(fig. 3).  

 

Fig. 3  Mean (RMS) and max node deviation from the calibrated position. 
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B. Tracking Tests 

We routinely gather tracking test data since June 2007. In 
each test, translational offsets of 10 mm in each direction 
and rotational offsets of up to 4° around each axis are cov-
ered. Very consistent results were found over that period 
with translational registration errors of 0.30+/-0.05 mm and 
0.36+/-0.05 mm for spine and skull tracking and rotational 
errors of 0.40+/-0.06° and 0.27+/-0.05°, respectively. 

 
C. System Performance Tests 

E2E: In Figure 2 we display the results of our routine 
E2E tests (21 Fiducial Head, 40 6D Skull, 24 XSight Spine, 
10 Synchrony, 2 XSight Lung). For all tracking modalities a 
mean total targeting error of 0.47 ± 0.24 mm (1 standard 
deviation) was determined.  

0

0,2

0,4

0,6

0,8

1

Fiducial 6D Skull Xsight
Spine

Sy nchrony Xsight
Lung

Total

T
ot

al
 T

ar
ge

tin
g 

E
rr

or
 (

m
m

)

Fig. 4 E2E results for all available Cyberknife tracking modes 

 
 
Remarkably, E2E tests for the dynamic tracking modes 

using a motion table to simulate internal sup-inf tumor mo-
tion and external optical marker motion yielded results 
comparable to the static tests and well below the manufac-
turers specifications of 1.5 mm.   

 
AQA: We determined an increase of 0.1 mm of the tar-

getting error for a period of 100 days following calibration, 
which is almost exclusively caused by offsets in the supe-
rior/inferiour and anterior posterior direction. This result of 
our daily measurements likely reflects the overall drift in 
the mastering of the robot joints. An error of the same mag-
nitude is found in the robot calibration test, arguing for the 
manipulator subsystem as the source of error.   

IV. CONCLUSIONS  

Long-term systematic measurements performed since 
August 2005 demonstrate a very high stability of the Cy-

berknife system. All the phantom tests showed that a target-
ing precision better than 1mm can be achieved for all track-
ing modes.  

Our QA schedule is suitable to reveal a decrease in preci-
sion of as low as 0.1 mm over 100 days.  Tests focusing on 
the robot revealed a slow drift in the mastering as the likely 
source of this degradation. We have demonstrated that 
component-specific monthly QA allows for an early detec-
tion of a potential system deterioration, which can thus be 
countered with specific recalibration measures.   
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Impact of Beam Alignment on Leakage of the Siemens 160 MLC™  
S. Klüter, G. Sroka-Perez, K. Schubert, and J. Debus 

Department of Radiation Oncology, University Hospital of Heidelberg, Germany 

Abstract—With its newest linear accelerator, the 
ARTISTE™, Siemens Healthcare also has introduced the 160 
MLC™. Because of the specific design of the 160 MLC™ 
featuring tilted leaves, the exact position of the linac’s focal 
spot plays an important role in the leakage performance of the 
MLC. Upon commissioning of a dual photon energy 
ARTISTE™, capable of generating 6 MV and 18 MV photon 
treatment beams, we have performed several measurements 
regarding leakage of the MLC for both energies. The meas-
urements were repeated after adjustments to beam alignment 
and compared to the previous ones. 

Keywords—multileaf collimator, leakage, beam alignment. 

I. INTRODUCTION  

Multileaf-collimators (MLCs) have become standard 
equipment of most clinically used linear accelerators (li-
nacs), and more and more they are being used to create 
intensity modulated radiation therapy beams. In order to 
precisely deliver a desired dose distribution MLCs have to 
meet special requirements, which besides a high positioning 
accuracy comprise certain dosimetric properties, particu-
larly regarding inter- and intraleaf transmission (leakage). 
The different manufacturers of commercially available 
MLCs apply various individual designs, and each corre-
sponds to a unique dosimetric characteristic [1].  

For dual energy accelerators, the two focal spots do not 
necessarily coincide [2]. In combination with a tilted-leaves 
design which is applied to the Siemens 160 MLC™, this 
can result in a significantly different leakage behaviour 
between the two energies. In this work, we investigated a 
160 MLC™ mounted on a dual photon energy ARTISTE™ 
with respect to its leakage performance.  

II. MATERIALS AND METHODS 

A. Design of the 160 MLC™ 

The 160 MLC™ consists of 160 leaves mounted in two 
opposing carriages, and each leaf has a projected width of 5 
mm (all field dimensions are specified in the isocentric 
plane). It features a single-focus design with rounded leaf 
ends. Every leaf can extend 20 cm from its carriage, and the 
carriages themselves are able to travel another 20 cm, thus a 
complete overtravel for the entire field size of 40 × 40 cm² 

is possible. All leaves have a height of 95 mm and are set up 
in a way that every second of adjacent leaves is shifted 
slightly upwards, so that there are 40 upper and 40 lower 
leaves for each leaf bank [3]. 

To avoid radiation transmission between adjacent leaves, 
the flat-sided leaves of the 160 MLC™ are slightly tilted. 
This design has been shown to be able to reduce leakage as 
well as the so-called tongue-and-groove effect [3, 4]. The 
vendor specifies the tilt angle to 0.37°, which corresponds 
to a difference of about 2.6 mm between the focal spot of 
the linac and the virtual focus of the leaves. If this differ-
ence is somehow smaller because of a different position of 
the focal spot, the leakage will increase. 

 
 

Fig. 1 Schematic diagram showing the tilt of the leaves in relation to rays 
traced from the focal spot 

B. Photon Beam Alignment for Dual Photon Energy 
Linacs 

Beam steering coils are used in medical linacs to control 
position as well as angular divergence of the electron beam 
with respect to the flattening filter axis, where a correct 
alignment is crucial to flatness and symmetry of the photon 
treatment beam [5]. Besides this automatically monitored 
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beam steering, additional steering coils can be used in order 
to shift the electron beam, which is because of various 
probably different beam properties between the two ener-
gies especially necessary when two different photon ener-
gies are available. Due to the fact that the positions of the 
flattening filters themselves can vary slightly for each of  
the two photon energies, as a result a different position of 
the two corresponding focal spots can possibly occur.  

C. Experimental Setup 

Leakage is defined as the percentage of dose measured 
below the closed MLC compared to an open field [3]. Cen-
tral axis profiles transversal to the direction of leaf move-
ment were recorded at half length of the leaves with the 
leaves fully retracted from the carriage. All dose measure-
ments were performed with a diode detector in a water 
phantom (PTW, Germany) and referenced to the dose ob-
tained on the central axis of a 10 × 10 cm² open field. The 
dose was measured at a source-to-detector distance of 100 
cm and at a depth of d=10 cm in the water phantom. 

Our measurements included leakage scans for 6 and 18 
MV photons. After adjustments to the 6 MV photon beam  
 

done by the vendor’s service personnel, which changed 
slightly the position of the flattening filter as well as the 
voltage applied to the steering coils, the 6 MV leakage was 
measured again.  

III. RESULTS  

Figure 2 shows a comparison of leakage scans for 6 and 
18 MV. The leakage scans contain peaks at every 5 mm, 
each corresponding to a small air gap between two leaves. 
Every second peak is a little higher, which is the result of 
the alternating design of upper and lower leaves.  

For 18 MV, the average leakage for the entire field was 
0.42% with a maximum of 0.63%. For 6 MV, respectively, 
the maximum measured leakage was 1.38% with an average 
of 0.53%.  

After the described changes in beam alignment for the 6 
MV treatment beam, leakage was measured again. In Figure 
3, the results are shown and compared to the 6 MV leakage 
scan before beam alignment changes. The maximum leak-
age decreased to 1.15%, the average for the entire field to 
0.48%.  

 
 

 

Fig. 2 Leakage scans for 6 and 18 MV photon treatment beams 
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Fig. 3 Leakage scans for 6 MV before and after changes in beam alignment 

IV. DISCUSSION 

Our measurements show the leakage characteristic of the 
160 MLC™ for a linac with two different photon energies. 
We found that for the 18 MV treatment beam, the leakage 
profile suits the expectations and is compatible to the previ-
ously reported values for a single photon energy linac [3]. 
For the 6 MV beam the obtained leakage values were re-
markably higher but met the vendor’s specifications. 

It could be shown that because of the tilted leaves the 
leakage of the MLC is strongly dependent on the position of 
the focal spot. With changes in beam steering and the posi-
tion of the flattening filter for the 6 MV beam we were able 
to significantly decrease the leakage. Although only slight 
changes were applied in order not to change the already 
recorded set of beam data for the treatment planning system, 
the maximum observed leakage decreased from 1.38% to 
1.15%. 

V. CONCLUSION 

Achievement of a superior leakage performance of the 
160 MLC™ for both energies of a dual photon energy linac 

requires special attention to beam alignment and the coinci-
dence of the two focal spots. 
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Abstract— Results of real-time monitoring of prostate intra-
fractional motion during external beam radiation therapy are 
presented based on the observation using the Calypso 4D local-
ization system with implanted electron-magnetic transponders 
in the prostate gland. Prostate displacement during treatment 
was sampled at a frequency of 10Hz and the data for 105 pa-
tients was analyzed. The fractional time that the prostate was 
displaced by more than 3, 5, 7 and 10mm was calculated for 
each patient. The statistical results of the prostate displace-
ment in each direction and possible reduction from employing 
intrafractional intervention are discussed. About 29% of the 
treatment fractions needed intervention at least once if the 
displacement threshold was 3mm off the base line in all the 
three directions and the percentage was reduced to 5% after 
the threshold increased to 5mm. The percentage time of pros-
tate off the base line by 3mm and 5mm in any direction is 
13.4% and 1.8%, respectively, for the 105 patients investi-
gated, and 41% and 15% respectively for 7 patients who ex-
hibited the largest prostate motion, if no intervention was 
performed during the treatment. The mean and standard 
deviation of the prostate displacement were less than 1mm in 
any direction for all the patients. In contrast, the mean values 
for the 7 patients were significantly higher, 1.4mm in S-I direc-
tion and 2.3mm in A-P direction. Comparing with other geo-
metrical uncertainties, the prostate intrafractional motion is 
not a major contributor for the general patient population and 
prostate motion tracking during the treatment plays a small 
role in the treatment margin reduction. However, a small 
fraction of patients who have large intrafractional motion can 
benefit significantly from real-time motion tracking and 
threshold-based intervention based on our current margin 
setting. 

Keywords— Prostate Cancer, Intrafractional Motion, Treat-
ment Margin 

I. INTRODUCTION  

There are several different geometrical uncertainties dur-
ing radiotherapy that may affect treatment outcome. Great 
attention has been paid to some of them, such as setup error 
or interfractional motion with some new localization tech-
niques used in clinical practice and the delineation error 
when the target volume is delineated with guidance of mul-
tiple image modalities. Knowledge about prostate intrafrac-

tional motion and its effects for radiotherapy is still less 
clear though it has been investigated by some investigators 
[1-3] using different techniques. These studies have pro-
vided a general understanding of the frequency and magni-
tude of the prostate intrafractional motion. However, they 
have been limited either in patient population and fraction 
number or in that the prostate was not continuously moni-
tored, was monitored for a relatively short time, or was not 
actually monitored during radiation therapy. Continues 
observation during the entire fraction of radiation therapy is 
necessary to fully understand the nature of prostate intra-
fractional motion.  

4D localization systems, such as the fluoroscopic X-ray 
imaging system with/without implanted fiducial markers 
and the Calypso 4D localization system (Calypso Med. 
Tech. Inc., Seattle, WA) with implanted Beacon transpond-
ers [4-6] are clinically available and observations on real-
time prostate motion have been reported [5-7]. With intra-
fractional intervention, 4D localization systems can track 
tumor motion and reduce its effects. However, it is well 
known that intrafractional motion of the pelvic anatomy has 
relatively less effect on the treatment than other sources of 
geometrical uncertainty and 4D prostate motion tracking is 
costly and challenging. Therefore, it is important to know 
how much we can gain from prostate motion tracking and 
the feasibility of treatment margin reduction with intrafrac-
tional interventions and 4D treatments. 

In this work, results of continues observation of prostate 
intrafractional motion are reported. Some examples of pros-
tate intrafractional motion behaviors and the displacement 
distribution are shown for some patients. Prostate motion in 
each direction and 3D, the fraction time of certain dis-
placement range and statistical results of the prostate dis-
placement during the radiation therapy are presented. Statis-
tical distributions of the prostate intrafractional 
displacement were calculated for general patient population 
and specifically for patients who exhibited the largest intra-
fractional motion. They were also calculated for treatments 
with different threshold-based intervention and 4D treat-
ments for the entire patient population and the small group 
of patients. The gains of using the 4D localization system 
for prostate treatment were evaluated based on the uncer-
tainty reduction. 
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II. MATERIAL AND METHODS 

A. Calypso 4D localization system 

        The Calypso 4D Localization System with implanted 
electromagnetic transponders (Calypso Beacons) can con-
tinuously monitor the location of the tumour and it is com-
mercially available for prostate treatments. The implanted 
Beacon transponders can be detected by the system at a 
frequency of 10Hz and the three-dimensional positions of 
the transponders and the target isocenter or the geometric 
centre of the implanted Beacons can then be tracked. The 
system can be used to objectively guide the initial patient 
setup by localizing the transponders. It can also provide 
continuous, real-time localization and monitoring of the 
prostate. One concern of using planted Beacons and fidu-
cials in radiation therapy is their migration. In order to limit 
the effects of migration, the planning CT scan is usually 
taken a week after the implant. Necessary corrections to the 
Beacons’ positions can be made if Beacons migrate during 
the treatment course. 

Prostate intrafractional motion was observed and re-
corded using two Calypso 4D localization systems in our 
center. The prostate displacement from the base line was 
recorded separately in three directions at a frequency of 
10Hz and there were 6000×3 to 12000×3 data points for 
every treatment fraction because the treatment time was 10 
to 20 minutes for most of the patients. Each of the treatment 
fractions was analyzed to determine the fraction of time the 
prostate was displaced by a certain distance. The fraction of 
time for prostate displacements >3, >5, >7, and >10mm was 
scored for each directions and 3D displacement for individ-
ual patient and a patient population. Prostate displacements 
distribution in a 2D plane was also reported for some pa-
tients.  

Statistical analysis of prostate displacement in three di-
rections was performed based on the prostate intrafractional 
motion data for the randomly selected 775 treatment frac-
tions from 105 patients treated in our center. The means and 
standard deviations for the prostate displacement were cal-
culated in three directions. These values were also calcu-
lated after intrafractional interventions with different thresh-
old were performed and the gain on reducing the motion 
effect from using this technique was evaluated. Threshold-
based intrafractional intervention can be performed by stop-
ping the beam delivery (gated treatment) and/or moving the 
prostate back to the base line by moving the couch when-
ever the prostate displacement in any direction is more than 
the predetermined threshold. Same analysis was also per-
formed for some individual patients who have exhibited the 
biggest intrafractional motion. 

III. RESULTS 

    We have evaluated the continuous motion tracking 
data for about 4000 fractions of 100 prostate patients. The 
motion behaviors of prostate varied from stable target at 
baseline, continuous drift, transient excursion, frequent 
excursions and some combined behavior. Figure 1 shows 
some examples. These have been observed by other investi-
gators [6, 7] as well. Some motion patterns were simply 
irregular and difficult to categorize. The motion behaviors 
varied from patient to patient, day to day and often unpre-
dictable. Some motion behaviors only happened occasion-
ally for some patients. But we do see more motions for 
some patients than others.  
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 The percentage tracking time of 3D displacement beyond a 
distance was presented for twenty patients in Table 1. The 
magnitude and duration of the prostate displacements varied 
widely among the 20 patients. The least displacement was 
observed in Patient 2 and 16 with only 1.7% and 1.5% 
tracking time with displacement > 3mm. The most dis-
placement was observed in patient 17. The percentage time 
for displacement in 3D >10, > 7, >5, and >3mm was 0, 0.5, 
21.6 and 45.7%.  The average 3D displacements for the 
population of 20 patients were 19.2% for displacement 
>3mm, 3.9% for displacements >5mm, 0.4% for displace-
ments >7mm and 0.1% for displacements >10mm. 3D dis-
placement is a quadratic sum of displacements in three 
directions and the percentage time included motion to all 
the directions. Because prostate motion in the lateral direc-
tion is not as significant as in other two directions, 2D pros-
tate displacements distribution in sagittal view are shown in 
Figure 2 for patient 16, patient 7, patient 17 and average of 
the 20 patients. From left to right is the inferior-superior 

Figure 1   Examples of prostate intrafractional motion behaviors 
observed with continuous tracking. 
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direction and from top to bottom is the anterior-posterior 
direction. The lines from inside to outside indicate that the 

displacement has 50, 60, 70, 80, 90, 95 and 99% possibility 
to be within the areas besieged by the lines. We can see 
from the results that the prostate moves mostly to the infe-
rior-posterior direction. Fraction of time of prostate dis-
placement only in anterior-posterior direction was also 
analyzed separately in Figure 3 for the 20 patients. Percent-
age time of prostate displacement in different ranges was 
presented for these 20 patients and their average (No. 21). 
Negative value of the range means prostate moves to poste-
rior direction. It is also clear to see that prostate move more 
frequently to the posterior direction for some patients. 
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Among the randomly selected 775 treatment fractions for 

the 105 prostate patients, 29.3% of them need intervention 
at least once if the threshold is 3mm from the base line. The 
rate decreases to 4.8% for a 5mm threshold. The percentage 
time of the prostate off the base line for 3mm and 5mm in 
any direction is 13.4% and 1.8% respectively if no interven-
tion is performed during the treatment.  

The mean values of the prostate displacement from the 
base line and the standard deviations of systematic uncer-
tainty and random uncertainty for these 105 prostate pa-
tients are shown in Tables 2 for prostate intrafractional 
motion with no intervention, 5mm and 3mm threshold-
based interventions. The positive mean values indicate the 
prostate moved to the left, the superior and anterior direc-
tions respectively and larger margins should be added in 
these directions. The negative values indicate the prostate 
moved to the right, inferior and posterior directions and 
larger margins should be added to those directions. There is 
no difference is observed in lateral direction after 5mm or 
3mm threshold based interventions were performed. This 
means the intrafractional motion in lateral direction is ig-
norable. The means and systematic uncertainties of intra-
fractional motion in superior-inferior and in anterior-
posterior directions are all less than 1mm and they become 

Figure 3. Percentage tracking time of the prostate displace-
ment along posterior-anterior direction within a range for the 20 
patients and their average (No. 21).   

Figure 2. Prostate displacement distribution in sagittal view for 
patient 16, 7, 17 and average of all 20 patients, From left to right is 
inferior-superior direction. The lines from inside to outside indi-
cate that prostate displacements have 50, 60, 70, 80, 90, 95 and 
99% possibility to be within the areas besieged by the lines.

Table 1.  Percentages of the total electromagnetic tracking 
time during which the prostate was beyond a 3-dimensional 
distance. Data are from 20 patients and 157 fractions. Average 
tracking time was 11.4 minutes per fraction. 

 
3-D displacement  

Patient # >10mm >7 
mm 

>5 
mm 

>3 
mm 

1 0.0 0.0 0.2 23.5    
2 0.0 0.0 0.0 1.7 
3 0.0 0.0 0.0 3.3 
4 0.2 1.0 3.3 14.2 
5 0.0 0.0 0.1 6.6 
6 0.0 0.3 1.1 3.8 
7 0.0 0.0 2.1 13.5 
8 0.0 0.0 0.0 12.3 
9 0.0 0.1 2.6 8.6 

10 0.0 0.0 3.4 48.8 
11 0.0 0.0 7.0 39.4 
12 0.0 0.0 0.3 14.5 
13 0.0 0.0 2.0 21.3 
14 0.5 1.5 9.5 35.4 
15 0.0 0.0 9.0 35.7 
16 0.0 0.0 0.5 1.5 
17 0.0 0.5 21.6 45.7 
18 0.0 0.1 0.2 7.2 
19 0.5 4.3 14.6 36.9 
20 0.0 0.0 0.3 10.4 

Average 0.1 0.4 3.9 19.2 
1 SD 0.1 1.0 5.8 15.5 
Medium 0.0 0.0 1.5 13.9 
Min 0.0 0.0 0.0 1.5 
Max 0.5 4.3 21.6 48.8 
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smaller after threshold based interventions were performed 
especially with 3mm threshold. Comparing with other ge-
ometry uncertainties whose systematic uncertainties can be 
more than 2mm, such as setup error and target delineation 
error, uncertainty caused by the intrafractional motion is not 
a major contributor to the geometrical uncertainty for the 
general patient population and therefore prostate motion 
tracking and threshold-based intervention during the treat-
ment play a small role in treatment margin reduction. How-
ever, prostate treatment with motion tracking and setup 
adjustment during treatment is one kind of adaptive treat-
ment. Therefore, gains from prostate motion tracking for 
individual patient should be studied as well. Seven of these 
105 (6.7%) prostate patients which include patient 17 exhib-
ited significant large intrafractional motion and the percent-
age time of the prostate off the base line for 3mm and 5mm 
in any directions was 41% and 15% respectively if no inter-
vention was performed during the treatment. The mean 
values and the standard deviations of the prostate displace-
ment from the base line for this group of patients are listed 
in Table 3 for prostate intrafractional motion with no inter-
vention, 5mm and 3mm threshold-based interventions, re-
spectively. The mean value of the error caused by intrafrac-
tional motion is significantly bigger than that of general 
patient population and intrafractional intervention can re-
duced it to be less than 1mm. The standard deviation in S-I 

and A-P directions can also be reduced by interventions. 
And thus, treatment margin reduction will be more signifi-
cant for this group of patient than the general patient popu-
lation and this group of patient can benefit more from real-
time motion monitoring and intrafractional intervention.   

IV. CONCLUSIONS  

The translational intrafractional motion of prostate was 
quantified using an electronmagnetic tracking system that 
can continuously monitor the prostate position during treat-
ment delivery. Prostate motion has more significant effects 
on a small fraction of patients who have large intrafractional 
motion but not the general patient population. This group of 
patients can benefit more from real-time motion tracking 
and threshold-based intervention with current treatment 
margin setting. If the treatment margin currently used clini-
cally is suitable for the general patient population, it may 
not be adequate for this group of patients when the intra-
fractional motion is not controlled or corrected. Prostate 
intrafractional motion control may improve the treatment 
outcome for this group of patients. 
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Table 3. Measured intrafractional displacement with no in-
tervention, 5mm and 3mm threshold-based intervention 

 Intervention Mean(mm) intra (mm) intra (mm) 
no 0.42 0.50 0.69 
5mm 0.42 0.50 0.69 

L-R 

3mm 0.42 0.50 0.69 
no -1.27 0.62 1.74 
5mm -1.01 0.39 1.4 

S-I 

3mm -0.62 0.35 1.05 
no -2.27 0.76 2.15 
5mm -1.40 0.46 1.54 

A-P 

3mm -0.99 0.31 1.06 

Table 2. Measured intrafractional displacement with no inter-
vention, 5mm and 3mm threshold-based intervention 

 
 Intervention Mean(mm) intra (mm) intra (mm) 

no 0.2 0.34 0.66 
5mm 0.2 0.34 0.66 

L-R 

3mm 0.19 0.34 0.65 
no -0.09 0.77 1.38 
5mm -0.08 0.72 1.32 

S-I 

3mm -0.02 0.54 1.07 
no -0.75 0.80 1.56 
5mm -0.69 0.70 1.44 

A-P 

3mm -0.50 0.50 1.15 
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Abstract—In order to test the ability of a 4-row CT scanner 
(GE Light Speed RT) to display breathing motion of isolated 
lung tumors, a motion phantom was scanned at different ve-
locities. The phantom consists of a solid wooden sphere (4cm 
diameter) oscillating along its middle axis at a period of 4s with 
1.4cm amplitude peak to peak. Scanning was done in two dif-
ferent modes: In axial mode with 4s image acquisition time 
and in helical mode with exposure times between 1.0s and 2.8s. 
Phantom motion in the scanning plane and perpedicular to it 
were investigated separately. 

It was found that the slow (4s) axial mode is much more 
prone to motion artifacts than the helical mode, especially with 
motion in the scanning plane. On the other hand, the axial 
mode can better show the whole position space of the sphere, 
whereas helical protocols are too fast to capture a whole mo-
tion cycle within a single image with the consequence that the 
position space remains incomplete. 

It can be concluded that in imaging of lung tumors the slow 
axial mode (4s) can be used as long as the motion is confined to 
the axial direction, whereas in the presence of large motion 
components in anterior-posterior or right-left direction, the 
best information about the sphere’s position space can be 
obtained with the high resolution 2-row helical scanning mode. 

Keywords— Slow-CT, 4-row CT scanner, motion artifacts 

I. INTRODUCTION  

In irradiation of isolated small lung tumors it is of great 
interest to determine their breathing mobility in order to 
create an Internal Target Volume (ITV). In case no 4D-CT 
is available, it is desirable to visualize motion in ordinary 
3D-CT examinations. For this purpose the method of Slow 
CT is frequently applied [1,2,3], where images are acquired 
so slowly that all motion is expected to appear "smeared" in 
them. In the present study the suitability of a 4-row fan 
beam 3rd generation CT scanner (Light Speed RT, GE 
Medical Systems, Milwaukee, WI) for revealing a tumors’s 
position space by slow CT was investigated. 

II. MATERIAL AND METHODS 

A motion phantom was constructed consisting of a solid 
wooden sphere (diameter 4cm) moving sinusoidally along 
its middle axis at 4s cycle time with 1.4 cm amplitude peak 
to peak (Fig 1). The chosen parameters are representative 
for the breathing mobility of lung tumors [4,5]. The phan-
tom is driven by a motor and accessory gearing made up of 
LEGO System™ modules. The contrast in Hounsfield units 
between wood and air matches approximately that between 
tumor and surrounding lung tissue. 

 
Fig. 1 Schematical view (true to scale) of the phantom with extreme 
positions of the sphere (a). The umbra represents positions always occupied 
by the sphere. (b) Scout view of the stationary phantom. 

 The CT scanner allows scanning either in axial or in 
helical mode. In axial mode, maximum possible revolution 
time of x-ray tube around isocenter is 4s. In helical mode, 
this time is fixed to 1s. The effective scanning time depends 
on the setting of fan beam collimation width c (detector 
configuration) and table speed tsp (resp. pitch factor p). 
Image exposure time additionally depends on the requested 
slice thickness. With p=0.75, c=4x1.25mm and st=2.5mm 
(or 4x2.5mm and st=5 mm) a maximum image exposure 
time of t=2.8s is achievable. There also exists a high resolu-
tion mode (c=2x0.625mm; p=1) with an extremely slow 
table speed (1.25mm/s), but only moderate image exposure 
time t=1.3s. 
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A first examination of the phantom was acquired with its 
motion axis perpendicular to the gantry plane and a second 
one with the phantom moving right left in the ganty plane.  

All series were imported into Nucletron Oncentra Mas-
terplan v3.1 treatment planning system, from where trans-
versal and reconstructed sagittal sections were extracted. All 
images are shown with window width and level 
W/L=1500/-400HU. 

III. RESULTS  

A. Phantom motion perpendicular to the gantry plane 
 

 Fig. 2 shows results for axial series with 4s exposure 
time and different scanning parameters: For each series two 
transversal slices (in the midplane and 1cm above) and 
additionally the reconstructed sagittal section through the 
middle axis are depicted. 

In the transversal slices slight distortions from the circle 
shape can already be seen in the midplane. In more distant 
slices motion artifacts manifest themselves as double im-
ages. In the reconstructed sagittal sections the motion umbra 
is clearly visible and the expected position space of the 
sphere is almost completely displayed (compare Fig. 1a). 

 

Fig. 2 Three axial series with t=4s. Rows contain transversal slices in the 
midplane (a) and 1 cm above (b) and reconstructed sagittal section through 
the middle axis (c). Positions of transversal slices in the sagittal section are 
indicated. Scanning parameters: (1) c=4x1.25mm, st=1.25mm, (2) 
c=4x3.75mm, st=3.75mm, (3) c=4x5mm, st=5mm. 

 With helical scanning, apart from slight helical artifacts 
(Fig 3), no such obvious motion artifacts are observable. In 
the reconstructed sagittal sections, however, as Fig. 4 ex-
emplarily shows, a variety of shapes and distortions can be 
observed, not only dependant on the scanning parameters, 
but also on the phase, at which the sphere enters the x-ray 
fan [4] (compare Fig. 4b and c). The high resolution 2-row 
scanning mode (Fig. 4f) is a special case, as the couch speed 
is so slow that multiple motion cycles take place during the 
overall scanning time. As the scanning plane (width 
c=1.25mm) advances relative to the phantom with a veloc-
ity of 1.25mm/s, the sphere enters and leaves it many times 
causing the light stripes with the gaps in between. Only the 
motion umbra appears with homogeneous density. The 
number n of light and black stripes in the image is equal to 
the number of motion cycles during scanning the sphere’s 
position space and can be calculated to be n = 
54mm/(1.25mm·4)  11. 

 

Fig. 3 Helical series with c=4x2.5mm, st=2.5mm, tsp=7.5mm/rot. Signifi-
cance of images (a) through (c) as in Fig. 2. 

 

Fig. 4 Reconstructed sagittal section through the middle axis at different 
scanning parameters: a) c=4x1.25mm, st=2.5mm, tsp=3.25mm/rot, t=2.8s; 
b) and c) c=4x2.5mm, st=3.75mm, tsp=7.5mm/rot, t=2.4s; d) c=4x3.75mm, 
st=5mm, tsp=22.5mm/rot, t=1.2s; e) c=4x2.5mm, st=2.5mm, 
tsp=15mm/rot, t=1.0s; f) c=2x0.625mm, st=0.625mm, tsp=1.25mm/rot, 
t=1.3s (high resolution mode). 
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B. Phantom motion in the gantry plane 
 
The observed motion artifacts are much more distinct 

with the phantom moving right-left in the gantry plane. In 
Fig. 5 the upper two rows are scanned in axial mode with 
t=4s. In all transversal slices the spherical object is non-
recognizeable. To be sure that these artifacts are not due to 
the fact that phantom cycle time and x-ray tube circulation 
time are exactly phased, the series in the middle row of Fig. 
4 was scanned with 5s phantom cycle time. Nevertheless, 
the reconstructed sagittal sections resemble those with mo-
tion perpendicular to the gantry plane. 

The helical series (example in Fig. 5 a3 through c3) de-
pict motion more realistically, although not without artifacts 
either. In the sagittal section the sphere’s trajectory during 
the scanning process is clearly visible. 

 

Fig. 5 Significance of images (a) through (c) as in Fig. 2. Upper and 
middle row: Axial series with c=4x2.5mm, st=2.5mm, t=4s. Phantom cycle 
time 4s (upper and lower row) resp. 5s (middle row). Lower row: Helical 
series with c=4x1.25mm, st=2.5mm, tsp=3.25mm/rot, t=2.8s 

 
 
 
 

IV. DISCUSSION  

Concerning artifacts in the scanned images used for de-
lineation of ITV, the helical scanning mode is superior to 
the axial mode. This can be understood by considering the 
process of image reconstruction in helical scanning mode: 
The sampled raw data (x-ray projections through the object) 
are arranged helically and have to be projected into the 
requested imaging plane by interpolation before reconstruc-
tion. This interpolation perpendicular to the scanning plane 
obviously leads to a more stable image. In axial mode, how-
ever, the couch is fixed during image acquisition and the 
reconstruction algorithm expecting a consistent data set will 
fail in the presence of too much motion. Unfortunately, the 
helical mode does not allow an image exposure time in the 
order of the phantom’s cycle time, so that it is not possible 
to “freeze” a whole motion period in each scanned image. 
That is why in the reconstructed sagittal sections the mov-
ing object appears distorted, shifted or even split and the 
information about the sphere’s position space is incomplete. 
The only exception is the high resolution 2-row mode. In 
this mode the sphere’s position space is, apart from the 
umbra, also interspersed with gaps, but due to the great 
number of light and black stripes its shape becomes clearly 
visible. 

V. CONCLUSION  

The slow axial mode can be used for scanning moving 
lung tumors, as long as the tumor’s motion is confined pri-
marily to the cranio-caudal direction, as is actually the case 
for most tumor locations: In [5] the motion pattern in differ-
ent sections of the lung is investigatd and the average mo-
tion extent in right-left and in anterior-posterior direction is 
found to be below 4.1mm and 4.5mm respectively, whereas 
in cranio-caudal direction the value of 1.4cm used in this 
study can be considered as representative. 

In the rare cases with large motion components in a-p or 
r-l direction, the high resolution helical mode, limited to a 
small region around the tumor is a good alternative to pro-
vide reliable information about the tumor’s position space. 
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Abstract— The eIMRT platform is a remote distributed 
computing tool that provides users Internet access to three 
different services: Monte Carlo verification of treatment plans, 
CRT & IMRT treatment optimization and a database of 
relevant radiation treatments/clinical cases. These services are 
accesible through an user-friendly and platform independent 
web page, where the design and implementation of the 
verification and optimization algorithms are hidden to the 
user. This allows a unified, robust handling of the software and 
hardware that enables these computation-intensive services.  

All input and output data (computed tomography, CT, 
contours, treatment plans and dose distributions) are handled 
using the extended DICOM format and the patients 
confidentiality is assured by the anonymization of all the data 
by the platform previous to submission to the server.  

The eIMRT platform is currently hosted by the Galician 
Supercomputing center and may be accessible upon request 
(there is a demo at http://eimrt.cesga.es:8080/eIMRT2/demo, 
request access to eimrt@cesga.es if necessary).  

Keywords— Monte Carlo, treatment verification, treatment 
optimization, CRT & IMRT planning, web 
application. 

INTRODUCTION  

Currently, all radiation treatment technology is designed 
for local use within a certain department of an institution. 
Despite the fact that many commercially available solutions 
deal with all of the steps in the radiotherapy chain, little 
effort has been devoted to information sharing among dif-
ferent sites. There is also a severe lack of free, thoroughly 
documented, open tools that allow the performance of tasks 
such as quality assurance of dose calculations and treatment 

plans. This is particularly important when implementing a 
new radiation treatment technique, such as intensity modu-
lated radiation therapy (IMRT). 

In this work, a web based set of radiotherapy-related 
computing services, eIMRT, is presented. These services 
are open and can contribute to the improvement and quality 
assurance of treatments in medical institutions, with no need 
of investment in new equipment and software components. 
Additionally, Monte Carlo verification tools are available to 
the user with no need of expertise in the management of 
these codes. 

MATERIALS AND METHODS. 

The platform requires, as any other commercial treatment 
planning system, the user to define and comission their ac-
celerators and tomographs. The process of comissioning a 
medical linac is fully automated in the platform, a virtual 
model fulfilling the characteristics of the beam is con-
structed from a piece of experimental data introduced by the 
user (depth dose profiles and lateral profiles measured in a 
water phantom for field sizes of 20x20, 10x10 and 2x2 
cm2). For the Monte Carlo commissioning a series of accel-
erator head simulations are run for different combinations of 
the primary beam energy and FWHM. Although results are 
dependent on the quality of measurements, a combined un-
certainty of 0.2 MeV for the energy and 0.2 mm for FWHM 
are achievable [1].  

The CT is defined by the establishment of a calibration 
table associating Hounsfield units to density values and 
materials (bone, lung, tissue, etc). 

Once both the accelerator and the tomograph are commis-
sioned, the platform is ready to verify and optimize treat-
ments. 
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I.VERIFICATION: 

Monte Carlo treatment verification consists in the com-
parison of the TPS-calculated dose distribution with the 
Monte Carlo dose calculation performed by the platform. 
The interest of comparison is maximum in high density gra-
dient regions where TPS algorithms are not that accurate. 
The platform offers this additional Monte Carlo calculation 
to the user with no need of knowledge about the codes, 
which enables all institutions to determine the cause and 
extent of the error committed by the TPS and the potential 
consequences to the patient. 

The accelerator head is simulated from the 
bremsstrahlung target to the bottom of a multileaf collima-
tor employing BEAMnrc [2]. Dose deposition inside the 
patient is simulated with the DOSXYZnrc code [3].  

Every beam in the plan is decomposed into sub-beams 
for simulation and the eIMRT platform performs different 
parallel simulations associated to each beam incidence to 
decrease accelerator simulation time. Both CRT and IMRT 
treatments in step and shoot and dynamic modalities are 
supported in the current version of the platform, which in-
troduces different simulation procedures for the best repro-
duction of the beams.  

All parts of the process are automated in such a way that 
no previous experience in Monte Carlo simulation is re-
quired. 

Verification data input/output:  

The exchange of data between the user and the platform 
includes the submission of the patient's geometry in CT data 
and the treatment plan in DICOM format. Optionally, the 
TPS calculated dose distribution is submitted for eventual 
comparison.  

After processing the treatment plan to generate the beam 
parameters to be simulated, the eIMRT application loads the 
geometry of the accelerator and builds BEAMnrc input files 
on-the-fly. This procedure of input generation allows treat-
ments combining multiple modalities and multiple iso-
centers to be simulated. It also allows the calculation of 
variance reduction parameters on a beam-by-beam basis. 
Directive Bremsstrahlung Splitting (DBS) is employed to 
increase the number of particles in the phase space. The 
splitting radius is calculated according to beam shape and 
size in order to maximize particle scoring. Range rejection 
with ECUT = 2.0 MeV is also employed 

When simulations are finished, resultant dose distribu-
tions (Monte Carlo and TPS) are compared by means of 
isodose visualization over the CT and 2dimensional gamma 
maps with tolerances defined by the user are showed. 

 

Fig. 1: Treatment verification graphical Flash visualizer. This tool is 
included in the eIMRT platform to compare Monte Carlo calculated dose 

distribution and that provided from a TPS. a) Shows the user defined 
contours (PTV, OAR, etc) on the CT data image b) Dose volume histogram 
and isodoses from Monte Carlo simulation c) Color coded superposition of 
Monte Carlo calculated dose and d) Two dimensional gamma map between 

both dose distributions. 

II. OPTIMIZATION: 

The inverse planification module allows the optimization 
of the incidence angles and beam fluency distribution that 
better fulfils the dose prescriptions introduced by the user. 

Optimization data input/output:  

In addition to patient contours in DICOM RTstruct for-
mat and patient CT, the user is requested to provide certain 
optimization rules. Each organ is classified as being in-
tended to be treated (planned treatment volume) or spared 
from radiation (organ at risk). Moreover, different dosage 
criteria can be selected for overlapping organs, and weights 
are assigned to each one of the organs. 

Maximum, mean and minimum dose values are estab-
lished per organ, together with three dose-volume histo-
grams. The user may also approach the number of inci-
dences in the treatment by specifying maximum and mini-
mum thresholds.  

Many strategies for beam incidence optimization have 
been addressed in previous works as [4] and [5], but due to 
the non intercommunicating jobs involved in the eIMRT 
platform architecture, a guided exhaustive search was found 
to be the best choice. In our approach, each test solution 
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starts by setting incidences with equally-spaced gantry an-
gles, then a certain percentage of the beam incidences are 
slightly changed in consecutive looping.  

For each of the incidences in the space of gantry and 
coach angles to be explored, a separate dose calculation is 
conducted, storing the associated data in separate files (sub-
plot a in figure 2). This allows all data to be pre-calculated 
and ready for the intensity map optimization step (subplot b 
in figure 2)  

eIMRT intensity or fluency map optimizations employ an 
implementation of the Newton gradient algorithm [6]. 

The contributions of the constraints to the objective func-
tion can be mathematically described for a single organ k as 
quadratic functions of the dose. 

1. Dose Constraints:  

• Minimum Dose: 
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2. Dose-Volume Constraints: 

• Aiming to lower dose 
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• Aiming to raise dose: 
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At these equations, H represents a step function (i.e. 

( ) 1=xH  for 0>x  and ( ) 0=xH  for 0≤x ), and iD  

is the dose at a certain point i within organ k. dvhD  is the 

dose value prescribed for a DVH constraint of volume 

dvhV and cD  is the value of the dose for this same volume 

in the current optimization iteration. 

The global objective function can be written as the sum 
of all constraints regarding all organs k, properly weighted 

with kw : 
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The value of absorbed dose at a certain point is calcu-

lated as ∑ ⋅=
i

jiji WKD  where jW  is the intensity of 

beamlet j. This linear algorithm is based in the kernel matrix 

ijK  that stands for the contribution of the fluency crossing 

the beamlet j to the dose at point i. In eIMRT, this kernel 
matrix is evaluated with MCDOSE, a Monte Carlo convolu-
tion/superposition (C/S) dose calculation algorithm [7]. 

 

Fig. 2: eIMRT optimization of radiotherapy treatments: data pre-process 
and generation of kernel matrix (a), treatment optimization for different 

number of radiation beams (b), angle and intensity matrix optimization (c).  

At the end of the optimization process a pool of treat-
ment plans is offered with different number of incidences 
(NOI) and number of segments (NOS) ranging from CRT to 
pseudo-IMRT (intermediate NOS) and IMRT. They can be 
compared graphically by studying their DVH. A graphical 
dose map  along  with patient CT is also plotted. 

 Although the optimization algorithms are not new, the 
strategy of giving a pool of optimized treatments give the 
user a clear insight of the best treatment available for a 
given complexity and the different alternatives existing for 
the geometrical parameters. If the result is not satisfactory, 
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prescriptions can be tuned to improve the result in a re-
quested re-optimization, and finally chosen treatments can 
be exported in a DICOM file for further comparison in the 
TPS. 

RESULTS AND DISCUSSION. 

The current version of the platform supports Siemens 
Primus and Varian 2100 linacs in 6MV modality for verifi-
cation and 4, 6, 15, 18, 21 and 23 MV in the optimization 
module. However, its flexible and scalable design enables 
its extension (addressing 15 MV modality for verification is 
planned, and different linac geometries have been already 
obtained from Varian). 

The platform has been tested by the Complexo Hospita-
lario Universitario de Santiago de Compostela, the Hospital 
Virgen de la Macarena de Sevilla and the Hospital General 
Universitario de Valencia. The comparison of experimental 
measurements and simulations in the commissioning proc-
ess fulfills the gamma test with 3% and 3 mm tolerances. 
Further quality assurance procedures in the commissioning 
process have been made by comparison of simulated and 
experimental output factors, with discrepancies lower than a 
1% for beam sizes larger or equal to 2x2 cm2 and 2% in a 
1x1 cm2 beam size. 

The dose calculation tool in the verification module 
achieves more accurate results than conventional TPS in 
high density gradient regions (i. e.  tissue-air interfaces and 
prosthesis) as it has been proven in different works and pub-
lications. The optimization module shows that treatments 
with few segments per incidence can yield DVH similar to 
those obtained in with the more complex IMRT treatments. 

CONCLUSIONS. 

The objective of the eIMRT project was the development 
of an open remote distributed computing platform in order 
to provide hospitals with computing resources that allow for 
an increase of the quality of radiation treatments. Although 
it is not ready to become a mass-production environment in 
its current form, it represents an excellent example of the 
possibilities of combining high performance computing, 
Internet technologies and radiotherapy applications. As no 
prior experience in Monte Carlo or optimization is required 
to use the platform, many treatment sites may enjoy eIMRT 

services. Another approach to the further improvement of 
radiation treatment delivery is related to information shar-
ing. RT departments willing to implement a new technique 
may benefit from the learning curve of another institution 
that has already commissioned it. However, there is a severe 
lack of tools for that purpose, although some incipient work 
exists [8]. 
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Tumor Alignment between 4DCT and 4D Cone Beam CT for Irregular Respiratory 
Patient – a Phantom Study 

C. Ding, L. Huang, L. Papiez, R. Timmerman, and T. Solberg 

Department of Radiation Oncology, University of Texas Southwestern Medical Center, Dallas, Texas, 75390, USA 

Abstract—The purpose of this study is to compare the lung 
tumor characteristics on Four-Dimensional Cone Beam Com-
puted Tomography (4DCBCT), used for daily patient localiza-
tion, with Four-Dimensional Computed Tomography (4DCT) 
used in treatment planning. A programmable motion phantom 
was used to simulate patients’ respiratory motion and loaliza-
tion based on both 4DCT and 4DCBCT. Two motion patterns, 
one a regular sinusoidal motion and the other an irregular 
pattern, were included in the study. The regular motion pat-
tern represented a perfectly sinusoidal respiratory motion with 
amplitude of 14.5 mm. The irregular motion pattern, which 
was collected from a real patient, had average target motion 
amplitude of 15.2 mm with the minimum and maximum mo-
tion amplitude of 6.7 mm and 21.5 mm respectively. Our re-
sults for regular sinusoidal motion suggest that the 4DCT and 
4DCBCT can be appropriately aligned on each individual 
respiratory phase or on MIP images. The error of alignment is 
less than 1mm. For irregular respiratory motion, both modali-
ties underestimate tumor motion. In this case 4DCBCT pro-
vided a better representation of temporal target shape than 
4DCT. There was a difference in location of the target centroid 
motion between both modalities due to image distortion cause 
by irregular motion (1.4 mm and 2.8 mm for block and cylin-
der target objects respectively). We concluded that 4DCT and 
4DCBCT can be used to provide good patient alignment with 
regular breathing. However, the use of MIP and/or end exha-
lation phase images improves localization in those patients 
exhibiting irregular breathing pattern. Additionally, methods 
which can improve regularity of breathing (e.g., audio or vis-
ual coaching) should be considered for these patients. 

 
 
Keywords—SBRT, 4DCT, 4DCBCT, MIP, Respiratory motion. 

I. INTRODUCTION  

In recent years, Stereotactic Body Radiation Therapy 
(SBRT) has being introduced to treat lung cancer with ex-
cellent tumor control rates as well as limited toxicities to 
normal tissue. Since the essential requirement of SBRT is to 
deliver a high radiation dose in few fractions, accurate pa-
tient setup is much more critical for SBRT than for conven-
tional radiation therapy [1].  

 
Four-Dimensional Computed Tomography (4DCT) im-

aging can provide temporal information on tumor location 

and organ motion in individual patients. It has been reported 
that composite images obtained from 4DCT scans, such as 
Maximum Intensity Projection (MIP), Minimum Intensity 
Projection (MinIP) and Average (AVG), may be effective 
for the assessment of tumor mobility and radiation therapy 
treatment planning [2]. 

 
Cone Beam Computed Tomography (CBCT) is often 

used in target localization prior to treatment. The appropri-
ate alignment of the daily CBCT with the planning CT 
reference is critical for accurate localization and radiation 
dose delivery. Recently, Four-Dimensional CBCT 
(4DCBCT) has been developed to assist in localization and 
tumor tracking during radiation [3]. However, the effective-
ness of alignment of 4DCBCT with the planning 4DCT, 
particularly in lung cancer patients who may exhibit irregu-
lar respiratory motion pattern has not yet been established. 

 
In this study, a respiratory phantom used to simulate pa-

tient respiratory motion was imaged using both 4DCT and 
4DCBCT. Simple targets were automatically contoured and 
the locations in both imaging modalities relative to fixed 
references were subsequently analyzed.  

II. MATERIA LS AND  MTHODS 

A. Irregular Respiratory Phantom 

A programmable motion platform, constructed at our in-
stitution for tumor motion studies, is illustrated in Fig 1. 
This phantom is controlled by a personal computer and 
capable of two dimensional motion along the superior-
inferior and lateral direction. A rectangular phantom (den-
sity of 1.20 g/cm3) with dimensions of 24(L) x 17(W) x 12 
(H) cm3, containing cork plates (density 0.26 g/cm3) was 
placed on the platform to model lung tissue. Two different 
acrylic targets, a 25mm (D) × 20mm (H) cylinder and a 
25mm (L) × 25mm (W) × 20mm (H) block, were embedded 
in the middle of a cork plate.  The motion of our phantom, 
verified by a linear position transducer (Unimeasure, INC., 
Corvallis, Oregon), had an accuracy of 0.5 mm and repeat-
ability of ±0.05% over a range of 10cm. The motion of the 
phantom also exhibited a temporal accuracy to better than 
0.2 sec.  
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Fig. 1 Respiratory motion phantom (a) and target insertion (b) 

B. 4DCT Scan 

A bellows system, integrated with our CT scanner (Phil-
ips Big Bore CT scanner), was used to monitor the phantom 
respiration motion and to sort the 4DCT images based on 
amplitude. After scanning, the 4DCT image data were 
sorted into 10 phases such that 0% respiratory phase corre-
sponds to peak inhalation and the 50% respiratory phase 
corresponds to peak exhalation. The phases are evenly dis-
tributed throughout the respiratory cycle. For each phase, a 
3DCT volume is created. These images allow us to localize 
a moving target in each phase of the respiratory cycle for 
treatment planning.   

 
C. 4DCBCT Scan 

In our study, the XVI CBCT system on our Elekta Syn-
ergy S linac was used for 4DCBCT imaging.  The respira-
tory phantom was placed on treatment coach and scanned 
with a full set of cone beam projections. The projections 
were sorted into 10 phase bins, and subsequently recon-
structed, by identifying the inferior position of the phantom 
frame on each of the cone beam projections [3].  

 
D. Study Protocol 

Radio-opaque markers were placed on the non-moving 
part of our phantom for the purpose of image registration. 
Phantom motion was always started at the same point, and 
in the superior-inferior direction for both 4DCT and 
4DCBCT scans.  

Two motion patterns, one a regular sinusoidal motion 
and the other an irregular pattern, were used in our study 
(Fig. 2). The regular sinusoidal motion pattern represented a 
perfectly periodic respiratory motion with an amplitude of 
14.5mm. The irregular respiratory motion data was col-
lected from a clinical patient and used to represent the case 
of free respiration. The average target motion amplitude 
was 15.2mm with a minimum and maximum motion ampli-
tude of 6.7mm and 21.5mm respectively.  

 

 

Fig. 2. Motion pattern for respiratory phantom. (a) sinusoidal motion with 
amplitude 14.5mm, (b) irregular motion with average amplitude of 15.2mm. 

Both the 4DCT and 4DCBCT images were interpolated 
to match the highest spatial resolution in each dimension. 
To minimize the inter- and intra-observer uncertainties 
when contouring, the target was segmented using a thresh-
old-based automatic contouring method.  The motion ampli-
tude of target was represented by targets’ centroid on both 
4DCT and 4DCBCT.  

The contour matching between 4DCT and 4DCBCT was 
evaluated by the cross-correlation coefficient defined in 
equation (1). 
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where x and y are the mean value of x and y respectively. 

MIP images were generated using the maximum intensity 
projection of 10 phases for both modalities. The volume 
difference between these two modalities was also compared. 

III. RESULE AND  DISSCUSSION 

A. Regular Motion 

4DCT and 4DCBCT images in various respiratory phases 
are shown in Fig 3. As shown in Fig 3. (b) (c), the targets 
can be accurately represented by the 4DCT and 4DCBCT 
images with minimal distortion under regular motion pat-
tern. The range of the centroid motion is listed in Table 1. 
Fig. 4 shows the reconstructed targets’ centroid motion for 
each respiratory phase. The reconstructed targets’ centroids 
demonstrated a good correlation between 4DCT and 
4DCBCT, with errors less than 1mm between both modali-
ties in all phases. 

If x(i) is in target of 4DCT 
If x(i) is in NOT in target of 4DCT 

If y(i) is in target of 4DCBCT 
If y(i) is in NOT in target of 4DCBCT 

(a) (b) 
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Fig. 3 Center target slice 4DCT and 4DCBCT images in different respira-
tory phases. (a) target motion vs. the 4DCT and 4DCBCT phase bin.  

(b) 4DCT images for sinusoidal motion with an amplitude of 14.5mm.  
(c) 4DCBCT images for sinusoidal motion with an amplitude of 14.5 mm. 
(d) 4DCT images for irregular motion.  (e) 4DCBCT images for irregular 

motion.  

Table 1. Reconstructed target motion amplitude  

4DCT Motion  4DCBCT Motion  Phantom 
preset 
motion cylinder block cylinder block 

14.5mm 14.5mm 14.4mm 14.0mm 14.0mm 

Irregular 17.0mm 15.7mm 14.2mm 14.3mm 

 
Fig 5 shows the target contour cross-correlation coeffi-

cient between 4DCT and 4DCBCT for different respiratory 
phases as well as MIP images. Although the correlation of 
the block target is slightly better than for the cylindrical 
target, both targets showed good correlation on both mo-
dalities for regular breathing motion. This suggests that we 
can use the images in same respiratory phase, or the MIP, 
for daily patient localization.  

 

Fig. 4. Target centroid motion in different phases of 4DCT and 4DCBCT 
images for sinusoidal motion amplitude of 14.5 mm 

 
Fig. 5. Contour cross-correlation coefficient between 4DCT and 4DCBCT 

for different respiratory phases and MIP for regular motion 

B. Irregular Motion 

Fig 3. (d) (e) suggested that under irregular motion, the 
reconstructed targets were distorted more at the inhalation 
phase than at the exhalation phase. This distortion is shown 
in detail in Fig 6., in which the images are reconstructed at 
the maximal inhalation phase. The distortion for 4DCBCT 
is subjectively less than that for 4DCT. This observation 
may due to the different method of acquiring 4DCT versus 
4DCBCT. In 4DCT, the images are obtained slice by slice. 
Therefore, the CT image at inhalation phase depends on the 
target motion amplitude when the slice projection was 
taken. In contrast, for 4DCBCT all inhalation projections 
were used to reconstruction the 3D volume image for inha-
lation phase from cone beam projections. Therefore, the 
distortion due to varying motion amplitude is reduced on 
4DCBCT.  

In both modalities, the observed motion of the target cen-
troids was much less than the maximum preset motion am-
plitude. Due to image distortion, the centroid motion ampli-
tude for cylindrical and block target differed by 2.8mm and 
1.4 mm respectively (Table 1). As illustrated in Fig. 7. the 
maximum difference of centroid location occurred at the 
maximum inhalation phases. Therefore, the accuracy of 
patient alignment may be limited if the target centroid from 
4DCT and 4DCBCT is used.  

 

   

Fig. 6.  Target distortion on corresponding 4DCT (a) and 4DCBCT (b) 
images. 

(a) 

(b) 

(c) 

(d) 

(e) 

(a) (b) 
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Fig 8 shows the target contour cross-correlation coeffi-
cient between 4DCT and 4DCBCT for irregular breathing 
motion. It is obvious that the image distortion due to irregu-
lar breathing has much more of an impact on the inhalation 
phases than exhalation phases. Therefore, the end of exhala-
tion phase, which has the highest correlation, should be 
used to alignment patients who exhibit irregular breathing 
patterns. 

As shown in Fig. 5 and Fig.8 the MIP image is a reason-
able choice for localizing patients as the correlation between 
4DCT and 4DCBCT is good.  This is further confirmed by 
Fig 9, which shows that the MIP images for both modalities 
with irregular motion are quite similar. 

 
C. Volume of Target 

The target volume from MIP images of 4DCT and 
4DCBCT is shown in Table 2. The volumes from these two 
modalities are in close agreement with one another (within 
1.5% for regular motion and 4% for irregular motion). This 
further suggests that the MIP image may be a good choice 
for patient alignment using 4DCBCT to match planning 
4DCT. 

Table 2. Reconstructed target volume from MIP images and expected 
tumor volume for maximum tumor motion. 

Phantom preset 
motion 

cylinder MIP  block MIP  

 4DCT 4DCBCT 4DCT 4DCBCT
14.5mm motion volume 

(cm3) 
17.3  17.4  19.9  20.2 

Error (%) 1% 1.8% 0.5% 2% 

Expected volume (cm3) 17.1 19.8 cm3 

     

Irregular motion volume 
(cm3) 

18.1 17.5  19.8  20.7  

Error (%) -12% -15% -15% -11% 

Expected volume  20.6  23.3  

 

 

Fig. 7. Target centroid motion in different phase of 4DCT and 4DCBCT 
images for irregular motion pattern. 

IV. CONCLUSIONS  

We have shown that 4DCT and 4DCBCT can be used to 
provide good alignment with in patients who exhibit regular 
breathing patterns. For both modalities, MIP and end of 
exhalation phase images can be used to align patients exhib-
iting irregular breathing patterns. Additionally, methods 
which can improve on breathing regularity such as audio or 
visual coaching should be considered for these patients. 

 
 

 
Fig. 8. Contour cross-correlation coefficient between 4DCT and 4DCBCT 

for different respiratory phases and MIPs of irregular breathing motion  

  

Fig. 9.  MIP images for 4DCT (a) and 4DCBCT (b). 
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Analysis of Error Detection in EPID-Based IMRT Pre-Treatment QA 
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Abstract — A common approach to IMRT pre-treatment 
quality assurance is to capture images of IMRT fields with no 
patient or phantom in the beam, and compare these to images 
predicted by the treatment planning system. This is done prior 
to treatment in order to detect and correct file transfer and 
beam delivery errors that would affect the quality of treat-
ment. In many institutions, the distance between measured and 
predicted images is quantified using gamma indices with 
3%/3mm criteria. This work: (i) examines repeated electronic 
portal imaging device (EPID) images of an IMRT field; (ii) 
evaluates output variations, alignment errors and measure-
ment 'noise'; and (iii) uses this data with receiver operating 
curve (ROC) analysis to determine the size of IMRT delivery 
errors that can be reliably detected. The gamma index with 
3%/3mm acceptance criteria is shown to be sub-optimal; dose 
differences must be 5% in a 24mm×24mm area to be detected 
95% of the time, while a pixel intensity difference (PID) test 
reliably detects 2% dose deviations in the same area.  Exclud-
ing high gradient regions has little effect on the detection abil-
ity of gamma, but allows a PID test to detect 2% dose devia-
tions in 5mm×5mm areas. 

Keywords — IMRT, quality assurance, gamma-analysis, portal 
imager 

I. INTRODUCTION  

 Electronic portal imaging devices (EPIDs) are available 
on many linacs and are widely used for patient positioning 
[1]. Current generation amorphous silicon EPIDs have been 
shown to be capable of accurate dosimetry. Consequently, 
there is increasing interest in utilizing EPIDs for pre-
treatment and / or in-treatment quality assurance (QA). This 
work addresses the use of EPIDs for pre-treatment QA of 
intensity modulated radiation therapy (IMRT) fields.  

 Figure 1 shows a model for pre-treatment QA. The 
'ideal' image is one that would be acquired in the absence of 
errors or noise. In general, one does not have access to it. 
One can only estimate it using treatment plan parameters 
and a linac model. The resulting estimate is referred to here 
as the reference image. Note that the reference image may 
deviate from the ideal image due to modeling inaccuracies.  

A measured image differs from the ideal image due to 
noise, output variations, alignment and delivery errors. 
Noise refers to image variations caused by within-tolerance 
multi-leaf collimator (MLC) leaf and jaw motion and varia-

tions in pixel sensitivities that remain after EPID calibra-
tion. Linac output variations slightly raise or lower the 
overall measured image intensity. Alignment errors are rigid 
body shifts or rotations of the EPID detector array relative 
to the linac head. These are caused by non-reproducibility 
of the EPID position after the EPID arm is extended.  

Delivery errors are any errors outside the above catego-
ries. Here, our interest is in otherwise undetected beam 
delivery errors.  The central leaves of the Varian Millenium 
120 MLC are 5mm wide. Leaf positioning errors would 
therefore result in incorrect dose being delivered to a sub-
population of EPID pixels covering a total (i.e., possibly 
non-contiguous) area of  (5N×D) mm2, where N is the num-
ber of out-of-position leaves and D is the average distance 
by which the leaves are out of position.  

The goal of pre-treatment QA is to detect delivery errors 
in the presence of noise, output variations and alignment 
errors. This is done by comparing measured and reference 
images. One selects an appropriate metric: in this work 
either pixel intensity deviations (PIDs) or gamma indices 
(defined below). An hypothesis test then determines if a 
delivery error is present in the measured image. The hy-
pothesis test can be applied to the entire PID or gamma 
distribution, or to a statistic derived from that distribution.  

Let jp  and jp̂  denote the jth pixel intensities in the 
measured and reference images. PID j  is simply the per-
cent deviation in image intensity: jjjj ppp ˆ/)ˆ(100 .  The 
gamma index j = min { 2222 /),(/]ˆ/)ˆ[( jidppp jji } is a 
combined measure of the intensity deviation and geometric 
distance-to-agreement (DTA) [2]. The minimum is taken 

ideal 
image

reference 
image 

measured 
image 

 modeling 
  error

 noise 
 output variation 
 alignment error 
delivery error 

Measured image is compared 
with reference image & class-
ified as good or bad based on: 
 metric (e.g., PID or gamma) 
 hypothesis test 

Fig. 1. Model for pre-treatment QA 
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over pixels i in the neighborhood of pixel j and ),( jid is the 
distance between pixels i and j.  and  are normalization 
factors. We used the algorithm in [2] with a search distance 
of 1.6mm (~ 4 pixels), and =1% and = 1mm so PID and 
gamma values are directly comparable.  

II. METHOD AND MATERIALS 

A. Image Analysis 

IMRT Images: Raw data consisted of 6MV EPID images 
of the IMRT field in Figure 2 on 57 separate days. These 
were taken on a Varian Trilogy linear accelerator using an 
AS1000 EPID after standard flood field calibration, and 
were deemed to be free of delivery errors. The AS1000 is an 
array of 1024 × 768 detectors, with an effective pixel size in 
the isocenter plane of 0.37 mm2. All images were acquired 
with the gantry at zero degrees (pointing downward).  

Output variations: In each image average intensity was 
obtained over 'above-threshold' pixels, i.e., those pixels with 
intensity greater than 20% of the maximum. Images Ii , i  
2, were scaled to give the same above-threshold average as 
the first image I1 . The resulting images are referred to as 
output-variation-corrected (OVC) images. 

Alignment Errors: OVC images were verified to have 
negligible rotations relative to I1 . Translations were detected 
using a cross-correlation (CC) algorithm due to Guizar et al 
[3]. The accuracy of this algorithm was first verified by 
testing it on known translations. OVC images Ii , i   2, were 
then registered with OVC image I1 to give output-variation-
corrected and aligned (OVCA) images.  

Reference Image: OVCA images were averaged to obtain 
a reference image. Assuming OVCA images contained only 
'white' noise, this averaging procedure was expected to give 
a reference image that exhibited negligible modeling error.  

PID and gamma distributions: PID and gamma distribu-
tion were obtained for above-threshold pixels in the OVCA 
images (about 40,000 pixels per image).  

B. ROC Study 

ROC overview: Pairs of the 57 measured images were 
randomly combined to generate 200 positive and 200 nega-
tive test images. All test images contained noise, output 
variations and alignment errors similar to those in the origi-
nal 57. In the negative images, hypothetical delivery errors 
were inserted, as detailed in Table 1.  

Images were classified as positive or negative using the 
tail tests described below. Each such test contained a cutoff 
parameter Qc, which made the test more or less likely to 
accept an image as positive. For each cutoff value, classifi-

cation performance was quantified in terms of accuracy 

ACC = (TP+FN)/ (TP+FN+ TN+FP), where TP = true posi-
tives, FN = false negatives, etc. Overall performance was 
quantified in terms of the maximum accuracy MACC, i.e., 
the maximum ACC value across all cutoff values. The fol-
lowing provides more detail on these steps.  

Test images: To generate a test image, OVCA images Ii 
and Ij  were randomly selected and combined with random 
weight : jic III )1( . To ensure the resulting image 
had the same noise standard deviation (SD) as the originals, 
noise rescaling was performed: /refcrefd IIII  where 

22 )1( . The output variations and alignment 
errors obtained from the raw versions of Ii and Ij  were com-
bined in the same way, and applied to Id  to produce a final 
image If . This process aimed to produce realistic images If , 
which would closely mirror the noise, output variations and 
alignment errors observed in measured EPID images. 

For positive test images, nothing more was done. For 
negative test images, the image intensity of an n × m pixel 
rectangle was randomly increased or decreased by q%, 
where the values of n, m and q are given by the error scenar-
ios in Table 1. Note that the position of the errored rectangle 
was randomly chosen, but always in such a way that it fell 
entirely within the set of above-threshold pixels.  

Removal of output variations and alignment errors: The 
image classification procedure attempted to remove output 
variations and alignment errors before applying the tail 
tests. To remove output variations, image intensity was 
scaled to give the same above-threshold average as the 
reference image. Translations with respect to the reference 
image were removed using the cross-correlation algorithm.  

It may appear counter-intuitive to first insert output 
variations and alignment errors into the test images, and 
then attempt to remove them before hypothesis testing. The 
reason for doing this is to model imperfect removal of these 

Fig. 2. EPID image of an IMRT field 
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errors. For example, presence of delivery errors in test im-
ages could impair image registration, resulting in imperfect 
image alignment and modified discrimination between posi-
tive and negative images. To model realistic pre-treatment 
QA, it is desirable to start with realistic images containing 
output variations and alignment errors, and then attempt to 
remove or reduce these as part of image classification.  

Hypothesis tests: The tail tests used in this work utilized 
the statistic ]||Pr[ x  (PID) or ])Pr[(x  
(gamma), i.e., the fraction of observed PIDs or gammas that 
lie more than  SDs from the mean. An image was classi-
fied as positive if    Qc , where Qc  is a cutoff value in 
[0,1]. In these tests,  and  were set equal to the values 
obtained from the prior image analysis.  

Tail tests are a generalization of current practice. For 
gamma indices,  can be chosen so that images are classi-
fied according to  the percentage of gamma values exceed-
ing 3. This matches conventional gamma analysis using a 
3%/3mm criteria. In this work we allow  to vary in order to 
find the best classification performance, and apply the test 
to both gamma and PIDs.  

III. RESULTS 

Output variations: The mean and SD of output variations 
across the 57 images were 0.00  0.28%. Note that these 
output variations are recorded after standard flood field 
calibration is performed. The fact that post-calibration val-
ues are non-zero is attributed to the existence of output 
variations on a short timescale, i.e., between flood field 
calibration and a subsequent IMRT image.  

Alignment Errors: In the imager's in-plane direction (i.e., 
the direction in which the EPID arm extends) alignment 
errors were found to have a mean and SD of  0.04  0.15 
pixels, and a range of  -0.40 : 0.38 pixels. In the cross-plane 

direction the mean and SD were 0.07  0.06 pixels, and the 
range was -0.07 : 0.19 pixels.  

PID and gamma distributions: Aggregate PID and 
gamma distributions are shown in Figures 3 and 4. For PIDs 
the mean and SD were 0.0  0.59, and the range was -14.5 : 
15.7. For the gamma, the mean and SD were 0.27  0.28 
and the range was 0.0 : 11.0.   

The bulk of the PID distribution — specifically, its cen-
tral part — is well-modeled by a normal distribution. How-
ever, the tails contain a significant number of pixels with 
large positive or negative PIDs. This observation is rein-
forced by the large range of PID values (-14.5 : 15.7).  

The gamma distribution contains spikes at D*1, D* 2, 
D*2, D* 5, ... , where D is the EPID pixel spacing, equal to 
0.37mm in the isocenter plane. These spikes are produced 
by pixels which find their minimum gamma value at an 
offset of (i,j) pixels, where (i,j) = (1,0), (0,1), (1,1), etc.  

Table 2 shows the maximum accuracy achieved by tail 
tests applied to PID and gamma distributions. Tests labeled 
'PID =n' and '  =n ' classify images as positive vs nega-
tive based on the percentage of PID or gamma values lying 
within n SDs of the mean. The test labeled '  std' classifies 
images as positive vs negative based on the percentage of 
gamma values less than 3. This last test corresponds to the 
commonly used gamma analysis with 3% / 3mm criteria.  

If one requires 95% accuracy, then the smallest errored 
area and dose difference that can be reliably detected by any 
of these tests is 26 × 26 pixels (approximately 10 × 10 mm) 
and 5%. This is poor performance as one would hope at a 

Table 1. Hypothetical error scenarios. Each error consisted of a rect-
angular region of n × m pixels in which dose was raised or lowered by q 
percent. The sign of the dose change was random, with equal probability 
50% of it being raised or lowered. The position of the errored rectangle 
was randomly selected within the image, but always in such a way that the 
entire rectangle overlapped the set of above-threshold pixels Each error 
scenario is labeled "n × m, q%" below. Note that in the isocenter plane the 
length of 13 pixels is 4.8mm, which approximates the 5mm width of an 
inner leaf on a Varian Millenium 120 multi-leaf collimator. 

13 × 6,  1% 13 × 13,  1% 26 × 26,  1% 65 × 65,  1% 
13 × 6,  2% 13 × 13,  2% 26 × 26,  2% 65 × 65,  2% 
13 × 6,  5% 13 × 13,  5% 26 × 26,  5% 65 × 65,  5% 
13 × 6,  10% 13 × 13,  10% 26 × 26,  10% 65 × 65,  10% 

 

Fig. 4. Aggregate gamma distribution 
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minimum to detect dose differences  2%.  
The smallest errored area and dose difference reliably de-

tected by the standard gamma test is 65 × 65 pixels (~ 24 x 
24 mm) and 5%. This again is poor performance, as one 
would like to detect errored areas smaller than 24 x 24 mm.  

Analysis of PID results shows that classification is de-
graded by the presence of large positive and negative 'out-
lier' values in the tails of the PID distribution. By adding 
variable weight into the tails of the PID distribution, these 
outliers reduce the accuracy of the tests.  

Analysis shows that these outlier pixels are associated 
with high gradient areas of the IMRT images — a rim of 
edge pixels where image intensity drops from a high value 
to around zero. At any pixel, the relative gradient may be 
defined as the absolute rate of change in image intensity, 
divided by the image intensity at that pixel. High gradient 
pixels can be excluded from PID and gamma distributions 
by including only those pixels for which the relative gradi-
ent is less than or equal to e.g., 10%.  

With this gradient constraint, performance of the tests is 
as shown in Table 3. The PID test with =5 can now relia-
bly detect errored areas of 13 × 13 pixels (~ 5mm × 5mm) 
with a dose difference of 2%.  

IV. CONCLUSIONS  

In the literature, prior analyses of EPID images have 
evaluated clinical images, and determined acceptance crite-
ria (e.g., cutoffs for gamma values) that will produce man-

ageable numbers of negatives. A weakness of these studies 
is they do not determine whether images are rejected be-
cause they contain bona-fide delivery errors, or simply 
because of noise or correctable alignment errors. This study 
finds that gamma is quite insensitive to delivery errors, and 
points to a methodology for separating out noise and align-
ment errors to permit rigorous and accurate EPID-based 
image analysis.  

ACKNOWLEDGMENT 

The authors gratefully acknowledge the support of Var-
ian Oncology Systems.   

REFERENCES  

1. van Elmpt W,  McDermott L, Nijsten S, et al. (2008) A literature 
review of electronic portal imaging for radiotherapy dosimetry. Ra-
diother. Oncol. 88:289–309.  

2. Wendling M, Zijp L, McDermott L, et al. (2007) A fast algorithm for 
gamma evaluation in 3D Med. Phys. 34:1647-1654.  

3. Guizar-Sicairos M, Thurman ST, Fienup JR (2008) Efficient subpixel 
image registration algorithms, Opt. Lett. 33:156-158. 
 
 
Author: J.V. Siebers 
Institute: Virginia Commonwealth Uni. Dept. Radiation Oncology 
Street:  401 College Street /  P.O. Box 980058  
City:  Richmond VA 
Country: USA 
Email: jsiebers@vcu.edu 

 
 

Table 2. Maximum (MACC) accuracy using all above-threshold PIDs. 
Errors as in Table 1. Shaded cells have MACC  95%.  

errored area, 
intensity  

PID 
=3 

PID 
=4 

PID 
=5 =3 =4 =5 std 

13 × 6,  1% 0.54 0.55 0.54 0.52 0.54 0.54 0.55 
13 × 6,  2% 0.60 0.55 0.53 0.54 0.53 0.52 0.51 
13 × 6,  5% 0.64 0.69 0.77 0.57 0.56 0.55 0.53 
13 × 6,  10% 0.63 0.69 0.78 0.55 0.57 0.55 0.55 
13 × 13,  1% 0.54 0.55 0.55 0.54 0.54 0.53 0.52 
13 × 13,  2% 0.69 0.54 0.52 0.54 0.55 0.54 0.55 
13 × 13,  5% 0.69 0.78 0.90 0.60 0.60 0.58 0.58 
13 × 13,  10% 0.72 0.81 0.91 0.63 0.66 0.67 0.76 
26 × 26,  1% 0.52 0.52 0.51 0.56 0.52 0.51 0.51 
26 × 26,  2% 0.91 0.57 0.56 0.64 0.62 0.58 0.53 
26 × 26,  5% 0.97 0.98 1.00 0.81 0.83 0.82 0.74 
26 × 26,  10% 0.94 0.98 1.00 0.86 0.93 0.93 0.94 
65 × 65,  1% 0.52 0.52 0.51 0.66 0.53 0.52 0.53 
65 × 65,  2% 0.96 0.56 0.55 0.90 0.89 0.83 0.55 
65 × 65,  5% 1.00 1.00 1.00 1.00 1.00 1.00 0.96 
65 × 65,  10% 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

 

Table 3. Maximum (MACC) accuracy using above-threshold PIDs with 
relative gradient  10%. Shaded cells have MACC  95%.  

errored area, 
intensity  

PID 
=3 

PID 
=4 

PID 
=5 =3 =4 =5 std 

13 × 6,  1% 0.60 0.56 0.54 0.54 0.53 0.53 0.53 
13 × 6,  2% 0.68 0.83 0.88 0.52 0.52 0.52 0.51 
13 × 6,  5% 0.70 0.86 0.94 0.55 0.54 0.53 0.52 
13 × 6,  10% 0.72 0.83 0.94 0.55 0.56 0.55 0.54 
13 × 13,  1% 0.63 0.55 0.52 0.54 0.52 0.52 0.51 
13 × 13,  2% 0.79 0.91 0.96 0.55 0.55 0.54 0.52 
13 × 13,  5% 0.81 0.92 0.96 0.62 0.61 0.60 0.56 
13 × 13,  10% 0.77 0.92 0.97 0.58 0.61 0.63 0.73 
26 × 26,  1% 0.71 0.56 0.53 0.55 0.53 0.52 0.52 
26 × 26,  2% 0.93 0.97 0.98 0.67 0.63 0.60 0.51 
26 × 26,  5% 0.93 0.98 0.99 0.77 0.83 0.84 0.76 
26 × 26,  10% 0.93 0.98 1.00 0.82 0.92 0.97 0.96 
65 × 65,  1% 0.81 0.59 0.56 0.81 0.60 0.54 0.52 
65 × 65,  2% 1.00 1.00 1.00 0.94 0.93 0.92 0.54 
65 × 65,  5% 1.00 1.00 1.00 1.00 1.00 1.00 0.96 
65 × 65,  10% 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
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Abstract—Due in part to measurement positional uncertain-
ties, the entrance region of depth-ionization curves has chal-
lenged beam modelers – thus this region is often ignored in 
beam modeling despite the valuable dosimetric information 
contained within.  In a previous work, for a single ionization 
chamber (IC), we demonstrated a method to reduce the posi-
tional uncertainty by scanning the IC beyond the water surface 
into the air and using the ionization inflection point to deter-
mine the water surface location.  This study extends the previ-
ously developed surface location method to eleven additional 
cylindrical IC designs and investigates the functional depend-
encies of the inflection point.  For the ICs studied, the relative 
in-air response is related to the IC’s wall mass thickness.  The 
inflection point is found to be invariant within measurement 
resolution (0.5 mm) to changes in beam energy, electron con-
tamination, and field size.  Inflection point locations are found 
to be strongly dependent on IC outer radius, with weaker 
dependencies on wall thickness and material composition.  The 
inflection point determination technique is useful for accu-
rately determining absolute IC position.  Measurements taken 
with this improved positional accuracy should serve as more 
accurate inputs to treatment planning system dose calculation 
algorithms and as more accurate benchmarks for Monte Carlo 
beam model verification.   

Keywords— entrance dosimetry, cylindrical ionization cham-
ber. 

I. INTRODUCTION  

Depth dose is a fundamental quantity needed to describe 
radiation therapy beams.  Measured depth dose data are 
used either directly or indirectly in treatment planning sys-
tem dose calculation algorithms and to verify Monte Carlo 
(MC) source models.  In matching measurements to calcula-
tions, the depth dose curve entrance region is often largely 
ignored due to uncertainties in measurement device posi-
tioning and response.  However, the entrance region con-
tains valuable dosimetric information.  At a water surface, 
dose is contributed by secondary electrons produced within 
the treatment head, electrons produced in the air between 
the treatment head and the phantom, and electrons backscat-
tered from the phantom.  For a MC model to accurately 
calculate dose in this region, each of these contributions 

must be accurately modeled.  This is nontrivial.  Discrepan-
cies between measurement and MC calculations of high 
energy photon beams have previously indicated errors in 
treatment head geometry [1], beam modeling modules [2], 
and physics models [3].    

In a previous paper [4], a method was developed to im-
prove cylindrical ionization chamber (IC) localization and 
reduce uncertainty in the entrance region by scanning the IC 
beyond the air-water interface.  The inflection point caused 
by secondary electron buildup in water was found to occur 
at a depth approximately equal to the IC outer radius.  The 
absolute IC position was determined by aligning measure-
ments to MC simulations of an identical setup. For the sin-
gle IC studied, the inflection point location was found to be 
insensitive within the 0.5 mm measurement resolution to 
field size, electron contamination (altered via addition of a 
1 mm thick lead foil), and beam energy.   

The purpose of this study is to extend the results of the 
previous study to additional cylindrical ICs and determine 
the functional dependencies of the IC response. 

II. METHODS & MATERIALS 

A series of MV photon depth-ionization measurements 
was conducted with eleven cylindrical ICs.  While the initial 
alignment and scanning procedures differed from clinical 
convention, the novelty of these measurements is that data 
was acquired through the water surface into air in order to 
allow investigation of the inflection caused in each relative 
depth-ionization curve by the change in surrounding me-
dium and the buildup in each IC.  To ensure accurate align-
ment, the measurements were taken using a custom scan-
ning system that has been described in detail in another 
publication [5].  In this system, the reference IC is mounted 
using a standard lab clamp while the scanning IC is 
mounted to a stepper motor-driven lead screw capable of 
400 steps per mm.  Before any scans were taken with a 
given IC, the IC origin was defined using a precision tele-
scope set up on a 2-D stage at the tank side and aligned to 
the water surface.  Several different IC alignments were 
used with respect to the telescope to ensure proper IC 
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alignment, including end-on alignment (0o), side on align-
ment (90o), and a 45o alignment.  The uncertainty in the IC 
alignment to the water surface is estimated to be 0.15 mm.   

Scanning with a properly aligned IC consisted of moving 
the IC to the desired position, pausing for 1 second to allow 
the water to settle, acquiring data for a user-specified time 
period (usually 2-5 sec), pausing for 1 second, then moving 
the IC to the next position and repeating the procedure.  The 
step size for the scans was 0.5 mm, resulting in 5-8 minutes 
per scan.  All scans were performed from at-depth to the 
phantom surface and into the air. 

With the exception of one measurement performed for a 
20×20 cm2 field, all measurements were taken for 
10×10 cm2 fields at 6, 10, and 25 MV on the NRC Elekta 
Precise linac.  A 1 mm thick lead foil was placed in the 
beam path 30 cm from the water surface for several meas-
urements to investigate the impact of electron contamina-
tion.  The effect of variations in dose rate was studied with 
one IC while two other ICs were utilized to examine the 
impact of variations in signal acquisition time.  One IC 
required a longer signal acquisition time due to its markedly 
smaller size. 

Depth-ionization data was analyzed to determine the 
relative variations of response in the in-air and buildup 
regions of the depth dose curves.  As in [4], the inflection 
point for each experimental curve was determined by taking 
the second derivative of the depth-ionization data.  This 
represents the location where the measured depth-ionization 
curve is changing most rapidly.  Variations in the location 
of the inflection point with beam energy, lead foil status (in 
or out of the beam), and field size (one IC) were examined.  
The various ICs were compared by noting the variation of 
the inflection point location as a function of the inner and 
outer IC radii.   

III. RESULTS 

Table 1 summarizes the physical parameters of the ICs 
studied in this work.  The RK IC result is from our earlier 
study [4] which utilized a standard clinical scanning system 
and a clinical photon beam.  It is included here for com-
pleteness.  Both versions of the Exradin A2 used in this 
study are custom-built as described in previous work [5].   

Figure 1 compares the in-air response among the eleven 
IC designs scanned with the custom scanning system.  
Unless otherwise noted in the figure legend, all data were 
acquired with the IC arranged at 45° relative to the tele-
scope for a 6 MV beam and 2 s of signal integration time.  
To allow direct comparison of ICs with different absolute 
volumes, hence different responses per monitor unit, each 
depth-ionization curve was normalized to have the same 

integral response between the depths of 30 mm and 80 mm 
in the water phantom as the Exradin A2 v2.  The legend of 
this figure is sorted by IC wall mass thickness in descending 
order.  The strong relationship between the wall mass thick-
ness of a given IC and its response in air is apparent. 

Table 1 IC physical parameters.  The RK IC was the subject of previous 
study and is included here for comparison 

IC 
Inner Radius  

(mm) 
Outer Radius  

(mm) 
Wall Thickness 

 (mm) 

ScW CC01 1.0 1.49 0.5 

ScW CC13 3.0 3.38 0.4 

ScW CCRK* 2.0 3.5 1.5 

ScW CC25 3.0 3.37 0.4 

ScW FC65-G 3.1 3.51 0.4 

Exradin A1SL 2.0 3.17 1.1 

Exradin A2 v1 4.75 5.7 1.0 

Exradin A2 v2 4.25 5.68 2.0 

Exradin A18 2.45 3.425 1.0 

Exradin A19 3.05 3.5 0.5 

PTW 30013 3.05 3.45 0.2125 

PTW 31010 2.75 3.4 0.35 

 

Fig. 1 Comparison of in-air and buildup response for all ICs used.  The 
legend is sorted by wall mass thickness in descending order. 
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All measurements taken with a given IC were analyzed 
together regardless of any deviations in other measurement 
conditions, e.g., beam energy, electron contamination, IC 
arrangement, field size.  No IC demonstrated any difference 
in inflection point location greater than the measurement 
resolution of 0.5 mm.  

Figure 2 shows the inflection point location as a function 
of IC inner radius for each IC studied along with the RK 
chamber results from the previous study [4].  The inflection 
point generally increases with the IC inner radius; however, 
it is not a pure linear relationship.   

Figure 3 shows the inflection point as a function of IC 
outer radius.  A generally linear trend is observed.  Note, the 
individual data points do not align in the same order as in 
Figure 2, indicating a dependence on wall material and 
thickness. 

IV. DISCUSSION 

The use of a precision alignment system allowed study-
ing the effects of IC design features on the location of the 
surface-induced inflection point and on radiation field con-
ditions.  In agreement with our previous single IC study [4], 

the inflection point is found to be insensitive to variations in 
the photon radiation field for these eleven ICs.  Inter-IC 
comparisons yield near-linear dependence of the inflection 
point on the IC outer radius, with some dependence on the 
wall thickness.  Further work is being performed to fully 
characterize these dependencies.   

Even without full characterization, the results of this 
study can be useful to improve IC depth localization for 
other users – by taking the second derivative of the meas-
ured depth-ionization data in the entrance region and setting 
the location of the inflection point equal to the location for 
their IC design, the surface is localized to within 0.5 mm.  
The inflection point method can be used either for absolute 
positioning or as a quality assurance indicator of alternative 
alignment procedures.  With current IC alignment methods, 
this kind of assurance is impossible.   

Other future work includes scanning at finer resolution to 
determine if the observed 0.5 mm deviations in inflection 
point location are real or simply caused by the relative 
coarseness of the scan.   

 

 

Fig. 2 Location of the inflection point as a function of inner radius for 
each IC studied, including the RK IC data from [4].  The legend is sorted by 
IC inner radius in ascending order.  No IC demonstrated any deviations in 
inflection point location greater than scan resolution for any of the meas-

urement parameters varied.  Error-bars spanning the maximum-to-minimum 
inflection point are plotted where appropriate.  The inset is an expansion of 

the region where points overlap.  Points f and g directly overlap. 

 

Fig. 3 Location of the inflection point as a function of outer radius for 
each IC studied, including RK IC data from [4].  The order of ICs in the 

legend is the same as in Figure 2.  Differences in the displayed order of the 
data between this figure and Figure 2 are due to the inflection point de-

pendence on wall material and thickness. 
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V. CONCLUSIONS 

For the twelve IC designs studied, the inflection point 
created in the depth-ionization curve as the IC passes the 
air-water interface can be used to determine the surface 
location within 0.5 mm, the spacing between adjacent 
measurement points.  Within this resolution, the inflection 
point location is insensitive to beam energy and electron 
contamination.  Furthermore, the inflection point seems to 
depend mainly on the IC outer radius; however, some de-
pendence on wall thickness and material was observed.  The 
use of the inflection point technique to determine absolute 
IC depth can improve the accuracy of measurements used 
for dose calculation algorithms and MC beam models. 
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Summary. This investigation deals with an experimental me-
thod of identifying the presence of a low-energy component in 
the total photon spectrum inside an absorber irradiated by a 
high-energy photon beam. This is the so-called "twin-
chamber" method, in which the ratio of the signals produced 
by two air-filled ionisation chambers of approximately the 
same size, but one with a copper wall, the other with a graph-
ited PMMA wall, is used as an indicator of the presence of low 
energy photons. This ratio is increased due to an excess of 
photoelectrons set in motion when the copper wall is hit by 
low-energy photons. We evaluate the applicability of a theo-
retical model of the signal ratio, which comprises the main 
factors determining the secondary electron fluence at the 
boundary surface of the chamber wall and the air filling. The 
variation of the signal ratio measured at various points inside a 
water or water-equivalent absorber irradiated by 6 MV pho-
tons has been compared with this theoretical model, and a 
close correlation has been found. The signal ratio is a very 
sensitive indicator of the spectral contribution by low-energy 
photons. Measured values of the signal ratio can be used for 
complementing other methods of the assessment of a low-
energy spectral component, e.g. Monte-Carlo-methods. Espe-
cially in critical regions of a radiotherapeutic photon field, 
such as the field borders and the regions outside the treatment 
field, measurements of the signal ratio may provide an easily 
available guidance to trace low-energy components of the 
photon spectrum.

Keywords— low-energy photons, signal ratio, twin-chamber.

I. INTRODUCTION 

In photon-beam radiotherapy with nominal acceleration 
voltages of, e.g., 6 and 15 MV, the photon spectrum at a 
point of interest in the irradiated body or phantom unavoid-
ably contains a dose fraction contributed by low-energy 
photons originating from single or multiple Compton scat-
tering processes in the beam head or in the irradiated ab-
sorber [1]. The spectral region below about 200 keV has 
been associated with effects such as an increase in the rela-
tive biological effectiveness (RBE), as demonstrated by 
chromosome aberrations in Co-60 irradiated phantoms with 
a small and a large scatter contribution [2,3]. Another ex-

ample of the spectral effects of low-energy photons are the
changes in the absorbed dose response of non-ideally water-
equivalent radiation detectors such as TLD detectors [4] or 
Si diodes [5]. The present paper is part of our program to 
quantitatively characterize the low-energy spectral contribu-
tion by experimental and computational methods.

When Monte-Carlo-methods are available, one may 
compute the absorbed dose fraction PD

Ecut or kerma fraction 
PK

Ecut, contributed by photons not exceeding a cut-off en-
ergy value Ecut, such as, e.g., 200 keV [1]. Alternatively, an 
experimental approach providing the possibility of "map-
ping" the dose contribution by low-energy photons in an 
absorber irradiated by high-energy photons is the "twin-
chamber method" [6,7]. In this method, two geometrically 
almost identical ionisation chambers of the size of the Far-
mer chamber are used, one with a conventional, graphited 
PMMA outer wall (PTW Type 30010), the other with a 
copper wall of the same thickness. When the chambers are 
exposed to low-energy photons, the fluence of secondary 
electrons in the sensitive volume of the copper-walled 
chamber is increased compared to the conventional chamber 
due to the more efficient conversion of the photon fluence 
into the secondary electron fluence in the photon energy 
region of predominating photoelectric effect. Therefore the 
"signal ratio" SR, i.e. the ratio of the chamber signals SCu
and SC when the two chambers are subsequently placed at 
the same point in the phantom and are irradiated with the 
same number of monitor units, is a measure of the low-
energy contribution in the photon spectrum at this point.

In this paper, we present a simple theoretical model of 
the photon energy dependence of the signal ratio SR, and, 
using Monte-Carlo simulated photon spectra, we calculate 
the change of the signal ratio with position inside a water 
absorber irradiated by 6 MV photons. This change is com-
pared with the measured change of the signal ratio through-
out the water phantom. Based on this comparison we want 
to ascertain whether our model of the signal ratio is ade-
quate, and which size of the numerical changes of the signal 
ratio is to be expected.
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II. MATERIALS AND METHODS

A. Theoretical Model

In our model of chamber sensitivity in dependence upon 
photon energy, the signal of the chamber is assumed to be 
proportional to the product of the photon absorption coeffi-
cient in the wall material with the photon fluence , be-
cause this product provides the "source term", the number 
of secondary electrons generated per unit volume of the 
wall material. If this product is multiplied with the range R 
of the secondary electrons in the wall material, - for an 
approximation we are using the continuous slowing-down 
approximation (CSDA) range of secondary electrons at a 
starting energy of one third of the photon energy - the result 
is an approximation for the fluence of the secondary elec-
trons at the wall/air interface. In the product R, factor 

(density) is canceled so that we can as well use the mass 
absorption coefficient in cm²/g and the secondary electron 
range in the wall material expressed in g/cm². Accounting 
for photon attenuation in the chamber wall (thickness d) at 
the lower energies, the attenuation factor e-μd is added. Thus 
the signal ratio SR at a single photon energy can be theoreti-
cally obtained by taking the quotient (μRe-μd)Cu/(μRe-μd)C for 
copper and graphite (see Fig. 1). The flat region of this 
curve at the ordinate value 100 corresponds to the region of 
predominating Compton effect where the influences of 
(Z/Ar) in the photon absorption coefficient and the electron 
range cancel each other.

Fig. 1 Our model of the sensitivity ratio of a copper-walled 
ionization chamber and a graphite/PMMA-walled chamber 
of the same dimensions as function of the photon energy. 

For photon spectra, the theoretical estimate of the signal 
ratio - within the bounds of our model - was obtained by 
bin-wise multiplication of quantity (μRe-μd) with the photon 

fluence i in all energy bins i of the spectrum and summing 
over the entire spectrum as shown in equation 1:
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i
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d
ii
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eR

eR

theor
SR

Here n is the highest counting index of the energy bins for 
the total photon spectrum at the point of interest. The spec-
tra i were calculated by Monte-Carlo simulation using the 
FLURZnrc/EGSnrc code. Computations of SRtheor were 
performed for square field sizes of side length 5, 10, 20 and 
30 cm, and for points along the beam central axis at depths 
of 5, 8, 10, 12 and 15 cm within a water phantom. When the 
field size was 10x10 cm², computations were also done for 
points 5 cm lateral from the beam axis.

B. Measurements
Using the twin-chamber method, experimental values 

SRexp were measured in an RW3 phantom under the same 
conditions and at the same points of interest as had been 
assumed in the theoretical calculation. 

III. RESULTS

The correlation between the theoretically predicted and 
the measured values of the signal ratio is illustrated in Fig.
2.

Fig. 2 Plot of the correlation between the theoretical and the 
measured SR values at various field sizes and depths, det-
termined on the beam axis, for 6 MV photons in water 
(theor.) and RW3 (exp.). The highest values of the SR are 
obtained at the largest field size and the largest depths.

As Figure 2 shows, the SR values are increasing with 
increasing field size and increasing depth, just what had 
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been expected for the low-energy component of the photon 
spectrum. The equation fitted to this plot is:

)2(753.1657.30.818- 2
exp theortheor SRSRSR

This correlation is a close one and essentially linear. The 
main difference between the SRexp and SRtheor values is a 
factor of about 1.25 which is due to the ratio of the air vol-
umes of the two chambers. This factor was not contained in 
eq. (1).

Using eq. (2) one may predict the SRexp values from 
computed SRtheor in cases not contained in Fig. 2. This has 
been done for a rectangular field of 10 cm × 20 cm at 6 MV, 
and the results are shown in Table 1. The percent deviation 
of the SRexp values predicted by the SRtheor values according 
to eq. (2) from the SRtheor calculated by eq. (1) is shown in 
brackets. It reflects the close correlation already seen for the 
quadratic fields in Fig. 2.

Table 1 Measured and predicted values of the Signal Ratio for a 6 MV, 10 
cm×20 cm field at 5 and 10 cm depths on-axis and off-axis within RW3 
(measured SRexp) and within water (predicted SRexp).

Depth, cm Off-axis 
Distance, cm

Measured SRexp SRexp predicted 
by eq. (2)

5 0 1.661 1.670 (+0.5 %)
10 0 1.731 1.702 (-1.7 %)
5 5 1.660 1.653 (+0.4 %)

10 5 1.720 1.682 (-2.3 %)

IV. CONCLUSIONS 

This investigation has shown that the signal ratio SR of a 
pair of a copper-walled and a graphite/PMMA-walled ioni-
zation chamber of similar sensitive volume is highly sensi-
tive to changes of the photon spectrum inside absorbers 
exposed to high-energy photons. The largest values of the 
signal ratio shown in Fig. 2 correspond to the case of 
PD

200 keV  0.075, i.e. 7.5 % of the absorbed dose are con-
tributed at photon energies below about 200 keV, as we 
have shown elsewhere [7]. By comparison of the twin-
chamber experiment with the theoretical prediction, the 
simple theoretical model of the signal ratio expressed by eq 
(1) has been shown to describe the signal ratio of the two 

chambers quite closely. This means that measured values of 
SRexp are useful indicators of the presence of a low-energy 
spectral component. We are presently extending this inves-
tigation to points of interest at the field border and outside 
the useful beam, where the dose fraction contributed by 
low-energy photons largely increases. The possibility of 
identifying, by simple experimental means, the regions of 
an absorber with an increased dose contribution by low-
energy photons is regarded as useful with respect to the 
influences of the low-energy spectral component on the 
RBE and the response of non-water equivalent detectors.
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Abstract— The increased relative biological effectiveness 

(RBE) of carbon ion beams represents one of the major ra-
tionales for their application in radiotherapy. Due to the de-
pendence of RBE e.g. on the dose level, penetration depth and 
the biological endpoint biophysical models are required in 
order to fully take into account these details in treatment 
planning. It is therefore of great interest to investigate the 
accuracy of the model predictions.  

For the assessment of this accuracy, the uncertainties of the 
experimental data represent the relevant measure. Therefore, 
we first propose generalized methods for the uncertainty 
analysis of larger sets of experimental data. The analysis of the 
model predictions is then focused on the investigation of sys-
tematic deviations with respect to the experimental data. This 
includes a sensitivity analysis, where the model parameters are 
discussed with respect to their clinical relevance.  

Keywords— Ion Beam Therapy, RBE, uncertainty, LEM 

I. INTRODUCTION  

For the clinical application of carbon ion beams it is of 
utmost importance to estimate the uncertainties of the rela-
tive biological effectiveness (RBE), since dose response 
curves in particular for normal tissue responses are ex-
tremely steep and therefore small variations in dose can lead 
to significant variations in the outcome.  

When discussing uncertainties of RBE, different levels 
have to be distinguished:  

 uncertainties of the experimental data which are 
related e.g. to the experimental assays or do-
simetry; 

 uncertainties of the interpolation procedures and 
biophysical models used for the estimation of 
RBE in treatment planning. 

With respect to the predictive power of the interpolation 
methods and biophysical models, again different levels can 
be distinguished: 

 the predictive power with respect to the transfer 
from track-segment conditions to mixed fields for a 
given endpoint in-vitro; 

 the corresponding transfer to a different endpoint, 
for example a different cell line; 

 the transfer from in-vitro to in-vivo; 
 the transfer from in-vivo/in-vitro to the clinical 

situation. 
 
In this paper, we focus on two important aspects, namely 

the uncertainties of the experimental data and the model 
uncertainties. However, we will restrict the discussion to 
RBE values for in-vitro cell survival, since for these end-
points extended sets of data are available for comparison.  

 

II. EXPERIMENTAL DATA 

Estimation of the uncertainty of experimental data usu-
ally requires repeated measurements performed under iden-
tical conditions, i.e. for a given cell line, ion beam energy, 
and linear energy transfer (LET). In particular for ion beam 
radiation these large sets of data are frequently not available 
due to the limited availability of beam time at accelerators. 
However, at least an estimate of the uncertainties can be 
derived even from experimental data for a given cell line, 
but with varying beam parameters, e.g. LET. This estimate 
is based on the assumption that the scatter of data points 
around a best fitting curve in a first approximation  repre-
sents the uncertainty of the data, provided the fit curve does 
not systematically deviate from the experimental data.   

Fig. 1 exemplarily demonstrates the applicability of this 
approach on a series of data obtained for a wide range of 
LET values for HSG cells as reported by Furusawa et al. 
(1).  The RBE for the initial slope of the survival curves 
(RBE ) as well as RBE values at 10% survival (RBE10)  are 
analyzed in the same way 

 
 Analyzing the distribution of the residuals with respect 

to the fit curve yield standard deviations of RBE =0.32 
and RBE10=0.17. Though there might be a slight depend-
ence of the uncertainties on LET, these values reflect the 
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typical accuracy of the experimental RBE values and hence 
set up the accuracy requirements on predictive models.   

 

 
Fig. 1 Fit to RBE values for HSG cells after carbon ion 

irradiation. Experimental data taken from Furusawa et al. 
(2000).   

 
 
Although frequently as in Fig. 1 measurements are per-

formed over an LET range up to approx. 500 keV/ m, the 
data up to 200 keV/ m represent the most relevant values 
for therapeutic applications. This is demonstrated in Fig. 2, 
showing a typical depth dose profile and the corresponding 
LET values as a function of the water equivalent depth.  
Both track-average and dose-average mean values are 
shown; for the estimation of the biological effects the dose-
mean LET values are the appropriate values.  

 

 
 
Fig. 3: Typical depth-dose profile and corresponding  

LET distribution in a 6cm  spread-out Bragg peak.  

III. MODELLING 

A. Local Effect Model  

The Local Effect Model (LEM) has been implemented in 
the treatment planning for the GSI pilot project on carbon 
ion tumor therapy (2,3,4,5). It allows predicting the RBE of 
carbon ion beams on the basis of the response of a biologi-
cal object to conventional photon radiation and the knowl-
edge of the microscopic energy deposition pattern of 
charged particles.  

Improvements of the model were largely motivated by 
comparisons of the model predictions with in-vitro and in-
vivo data. The clinical data obtained so far are not yet suffi-
cient to precisely determine clinical RBE values; but the 
clinical data are consistent with the model predictions, and 
no hints are found up to now indicating a significant failure 
of the model predictions.   

Nevertheless, comparisons with other treatment modali-
ties require a precise knowledge of the uncertainties of the 
model predictions. Fig. 3 summarizes comparisons of the 
model prediction with RBE(LET)-relationships for different 
cell lines.  As a general trend, LEM I tends to underestimate 
the RBE in the high-LET region, but overestimates the RBE 
in the low-LET region. The discrepancy in the high-LET 
regions is largely reduced for LEM II; whereas there is still 
a tendency for overestimating the RBE in the low-LET 
region. For LEM III, a good agreement is found over the 
whole LET range.  

 

 
Fig. 4: RBE vs. LET for different biological systems af-

ter carbon ion irradiation. V79 and CHO repair proficient 
cell lines, XRS is a repair deficient cell line. Experimental 
data are taken from Weyrather et al. (6); model predictions 
are based on three different versions of the model (2,3,4)  

 
For ions lighter than carbon, more significant deviations 

between model predictions and experimental data are ob-

  
 IFMBE Proceedings Vol. 25  

Uncertainties of RBE in Treatment Planning for Ion Beam Tumor Therapy: Experimental and Modeling Aspects 531



served in particular in the low-LET region. However, since 
in the case of realistic treatment conditions despite the pro-
duction of lighter fragments due to nuclear interactions the 
biological effects are still dominated by the primary carbon 
ions, the more significant deviations for the lighter frag-
ments do not affect the overall accuracy of the LEM predic-
tions.  

B. Sensitivity Analysis 

According to the LEM, RBE values depend on the bio-
logical properties of the object under investigation, namely 
the photon dose response curve and the size of the critical 
target, i.e. the cell nucleus. The photon dose response curve 
is described by the linear-quadratic parameters X and X as 
well as the ‘threshold dose’ Dt. Dt describes the transition 
dose where the linear-quadratic shape at low and intermedi-
ate doses goes over in a linear dependence at high doses. 

The accuracy of the model prediction depends on the ac-
curacy of the parameters describing the photon dose re-
sponse curve and the target size. However, the impact of the 
different parameters also depends on the LET range. Essen-
tially three regions can be distinguished here: up to 100 
keV/ m, between 100 and 1000 keV/ m and above 1000 
keV/ m.  

The sensitivity of the model predictions to the input pa-
rameters has been analyzed by varying single parameters 
while keeping the remaining parameters constant. In the 
LET region up to 100 keV/ m,  an increase of X leads to a 
corresponding decrease of the RBE, whereas the opposite is 
true in the case of X.  Similarly, increasing the Dt value 
also leads to increased RBE values. Variation of the target 
size does not affect the predicted RBE at all in this LET 
range.  

In contrast, in the highest LET range above 1000 
keV/mm, only the variation of the target size leads to a 
corresponding variation of RBE, whereas the values of X, 

X and Dt have almost no impact on the prediction of RBE.  
In the intermediate LET range between 100 and 1000 

keV/ m, a smooth transition between the effects described 
for the low- and high-LET region, respectively, is observed.  

Since for the therapeutic application only the LET range 
up to approx. 200 keV/ m is relevant, it can be concluded 
the uncertainties of the target size are of minor relevance, 
whereas the uncertainties of the parameters describing the 
photon dose response curve fully translate into the corre-
sponding uncertainties of the RBE prediction.  

   .  

 

IV. CONCLUSIONS  

Estimation of the accuracy of  RBE values applied in 
treatment planning for ion beam therapy requires careful 
analysis of the uncertainties of experimental data as well as 
of the biophysical models used for the prediction of RBE 
values. A sensitivity analysis for the parameters of the 
LEM, which is implemented in treatment planning for car-
bon ion therapy, has been performed. It could be shown,  
that mainly the parameters describing the photon dose re-
sponse curve affect the predicted RBE in the therapeutically 
relevant LET range. In contrast, the target size is of minor 
importance in this case.   
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Abstract:- To study the effect  of  Total Biological Doses 
delivered to the various referance points related to bony  
structures defined using lymphatic  trapezoid, described 
by ICRU-38 report, in  carcinoma uterine cervix treated 
using Micro-Selectron HDR & external beam therapy 
by Theratron 780 cobalt teletherapy unit.    
 
Keywords: HDR Brachytherapy, Carcinoma of Cervix, 
BED. 

I. INTRODUCTION 

 Carcinoma cervix is the most common 
malignancy in Indian women and nearly 80% of the 
patients with carcinoma cervix present in advanced 
stages. Radiation therapy is used as an important 
modality to treat carcinoma of cervix cervix in 
advanced stages. Conventional radiation therapy 
treatment includes a combination of external beam 
radiation therapy and intracavitary brachytherapy. 
Low dose rate (LDR) intracavitary brachytherapy for 
carcinoma of cervix having sound radiobiological 
bases. But high dose rate brachytherapy is a relatively 
new method. In LDR brachytherapy the staff receives 
some radiation while in the high dose rate (HDR) 
brachytherapy procedure complete protection to staff 
can be achieved as the treatment is done with remote 
afterloading technique. The HDR brachytherapy is 
possible as OPD based procedure. Various clinical 
trials have proved the feasibility and efficacy of HDR 
brachytherapy for carcinoma of cervix. At MD Oswal 
Cancer Treatment and Research Foundation, 
Ludhiana, India we intend to study the efficacy, 

feasibilty, early and late complications of HDR 
brachytherapy. 

II. METHODS AND MATERIALS 
 
In this prospective study, we plan to take 

dignosed cases of carcinoma uterine Cervix who 
were to be treated with  chemoradiation. Patients 
were treated with external beam radiotherapy 
(EBRT) to whole pelvis. A EBRT dose of 45 Gy in 
25 fractions  with 180 cGy per fraction without 
central shielding  and weekly low dose chemotherapy  
as radiosensitizer was given in  all the patients . 
Thereafter the patients were divided into two groups 
for High Dose Rate Intracavitory Brachytherapy 
(HDR IBT) treatment. Group I was given two 
fractions of 9.5 Gy per fraction separated by 10 days 
gap while the  Group II was given three fractions of 
7.5 Gy per fraction. Each  HDR IBT fraction was 
separated by a weekly gap. The  total BED for all the 
patients was kept same.  ICRU – 38 report has 
recommended the need for various reference points 
related to the bladder and rectum and to the bony 
structure described by lymphatic trapezoid . Much 
work has been done with LDR as well as HDR to 
evaluate the doses at applicator related point A, 
patients related point  B and ICRU rectal and bladder 
reference points.  In this study, we have included The 
six lymphatic trepezoid points as shown in Figures 1 
and 2. 

 

                                        
Fig. 1 Lymphatic trapezoid and rectal and bladder points on AP 
radiograph. 
 

Fig. 2 Lymphatic trapezoid and rectal and bladder points on LAT 
radiograph. 
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Table 1 BED values at different points along with corresponding range at these points. 

 
Point 11 Right Ext. Illiac lymph nodes 
Point 1 2 Left Ext Illiac lymph nodes  
Point 13 Rt Common. Illiac- lymph nodes 
Point 14 Lt Common. Illiac- lymph nodes 
Point 15 Rt. Para Aortic lymph nodes  
Point 16 Lt. Para Aortic lymph nodes  
   
  The pretreatment tumor stage was 
determined clinically by physical examination and 
classified according to the FIGO classification. In all 
cases, the histologic diagnoses were obtained by 
biopsies, or partial tumor excisions. Clinical 
manifestations of distant metastases and the lymph 
node status were evaluated. Patients who were not 
undergone any surgery have included in the study. 
Patients were planned for HDR brachytherapy by 
obtaining orthogonal radiographs using conventional 
simulator.  In accordance with ICRU - 38, the 
lymphatic trapzoid points, bladder and  rectal 
reference points along with four other points on each 
organ were taken into account. In this study, we have 
evaluated the efficacy of lymphatic trapezoid in terms 
of tumor control  and late complications.  
 
III. RESULTS AND DISCUSSION 
 
Total 68 patients treated between Sep. 2006 and Oct. 
2007 were included in the analysis. At the time of  
 

 
 
initial diagnosis, the median age of the patients was 
50 years (range 30-75). Out of these 15 patients 
absconded after EBRT while four patients have not  
shown up after first intracavitary application. 
Remaining 49 patients were taken into the study for  
final evaluation for doses at different points defined 
in the last section. The details of mean and the range 
of BED values at these points are given in Table -1. 
The observations in the study are enlisted in Table -2 
in relation to tumor response and complication rates. 
 
Table 2 Clinical out come at 18 month of follow up. 

 
IV. CONCLUSION 
 

In the study with a median follow up of 18 
month no co-relation has been observed between 
biological doses at different points of lymphatic 
trapezoid and local tumor control and rectal, bladder 
complications. However a longer period of follow up 
is required to reach to a final conclusion. 

Group 1 Group 2 
Points 11 12 13 14 15 16 11 12 13 14 15 16 
Mean 
BED  

0.34 0.37 1.50 1.50 1.89 1.88 0.30 0.32 1.25 1.31 1.51 1.45 

Range 0.144-
0.56 

0.17-
0.60 

0.59-
4.15 

0.67-
3.68 

1.23-
2.49 

1.14-
3.24 

0.122-
0.68 

0.098-
0.65 

0.33-
3.87 

0.63-
2.76 

0.69-
2.88 

0.876-
1.94 

 Group I Group II 
Total Patients 20 29 
Locally  NAD 68.4 % 79.3% 
Rectal Comlications 10..5% 6.8% 
Bladder  Complications 0.0 % 0% 
Distance Metastases 5.2% 6.8% 
Local Reccurence 20.0% 10.3% 
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Abstract— Since 2007 all patients treated with radical intent 

for prostate cancer at Peter MacCallum Cancer Centre have 

three implanted fiducial markers to facilitate reproducible 

daily set-up using kV on-board imaging on a linear accelera-

tor. We collected all set-up information prospectively through 

a record and verify system. In order to assess the appropriate-

ness of patient movements and determine prostate displace-

ment during treatment a second set of two orthogonal kV 

images was acquired after the radiotherapy delivery. In  5778 

image pairs of 184 patients the initial displacement between 

planning and patient set-up was found to be 4.9 +/-3.0mm as a 

3D vector (mean +/- 1SD). All identified set-up differences 

were corrected. The post-treatment images showed a dis-

placement of 2.2 +/- 2.0mm between pre- and post-treatment 

image. There was a trend towards larger displacements of the 

prostate during treatment with increasing time between pre- 

and post-treatment imaging. However, even in relatively short 

times there was a 5% probability that the prostate has moved 

more than 3.5mm. There was a large variation in average 

displacement between patients (range 1 +/- 1mm to 6 +/- 2mm) 

and no apparent trends throughout the treatment course were 

identified. Intra-fraction displacement of the prostate gland 

appears to be a limiting factor when considering internal mar-

gins for radiotherapy. Given the variation between patients, a 

uniform set of margins for all patients may not be satisfactory 

when doses above 75Gy are to be delivered.  

. 

Keywords— radiotherapy, prostate cancer, image guidance, 

clinical trials, database 

I. INTRODUCTION  

Radiotherapy is an important treatment modality for 

prostate cancer. While higher doses to the gland are linked 

to better outcomes [1,2] there is also an increased risk of 

normal tissue toxicity [3] and optimized treatment delivery 

with small margins appears to be essential for maximizing 

complication free tumor control. Unfortunately, the prostate 

is a relatively mobile organ that can move substantially 

against the external contour of the patient and even internal 

bony anatomy. Both day to day variations and intra-fraction 

prostate motion due to bladder and rectal filling have been 

reported [4] and margins must be added to the target volume 

to account for this. 

 

The International Commission on Radiation Units and 

Measurements (ICRU) identifies in their report 62 [5] two 

major contributions to margins:  

1. Internal Margins take into account any variations in 

size, shape or location of an organ in relation to an in-

ternal reference point. Movement of a lung tumor or 

filling of the bladder are examples for this. 

2. The set-up margin accounts then for any uncertainty in 

positioning this internal reference point at the correct 

position for treatment. 

 

Daily imaging of the target volume, a process usually re-

ferred to as Image Guided Radiation Therapy (IGRT) [6] 

allows localization of the target prior to every treatment 

fraction and as such is mostly associated with reduction of 

the set-up margin. However, by acquiring an image prior 

and post-radiotherapy, one can also obtain a minimum esti-

mate of the movement of the target organ during the deliv-

ery of radiation. While continuous imaging during treatment 

using for example the Calypso system [7-9] would be pref-

erable to track prostate motion, pre- and post treatment 

imaging of the prostate is easy to do, allows verification of 

any patient repositioning prior to treatment and provides at 

least an estimate of the minimum distance moved during 

treatment. 

 

The aim of the present study was to determine the differ-

ence in prostate location from pre- and post treatment kV 

imaging of patients with implanted fiducial markers. Intra- 

and inter-patient variation in movement patterns were to be 

evaluated. 
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II. MATERIALS AND METHODS 

A. Patient population and imaging sequence 

A total of 184 patients who were treated with radical ex-

ternal beam radiotherapy at Peter MacCallum Cancer Centre

between March 2007 and November 2008 are included in

the study. All patients were treated to 74Gy or 78Gy using

3D conformal or intensity modulated radiation therapy. The

typical margin used in our centre is 10mm with exception

for the posterior direction where a margin of 7mm is used. 

 

All patients had three fiducial gold markers (diameter

1.2mm, length 5mm) implanted in the prostate under trans-

rectal ultrasound guidance. Prior to each treatment delivery,

the patient was imaged using two orthogonal kV X-ray

images (Varian on board imaging, OBI). The images were

matched with reference images obtained from treatment

planning from planning using the fiducial markers in a

2D/2D match. The system provides the user with transla-

tional mismatches in three dimensions. Rotations of the

patient or the prostate were not checked. Any translational

mismatch was corrected by moving the treatment couch

with the patient to the desired location. As this can be per-

formed from outside of the treatment room, the additional

time required is very small and after extensive testing of the

system no verification of the correctness of the move is

performed. A daily quality assurance program verifies the

correctness of the couch motion. 

 

A second set of two kV images was acquired for each

treatment directly after completion of the radiation delivery.

Figure 1 shows the imaging sequence. As any displacement

of the patient had been corrected after the first imaging, the

difference between post- and pre-treatment image provides

a minimum dislocation of the prostate throughout the treat-

ment delivery. Any excursions of the prostate would not be

recorded in the process. 

 

 

B. Data collection and evaluation 

 

All shifts and measured differences between image sets 

were recorded in a record and verify system (Impac Mul-

tiAccess). The system also records the times when the im-

ages were acquired allowing for a determination of ‘time 

between images’ as can be seen in figure 1. 

 

Reports were created of the Impac database using Crystal 

Reports Vs 11 software (Business Objects, Paris). The re-

ports were processed using in-house written software to 

combine all relevant information for all patients in an MS 

Access database that allows easy access to the data.  

 

On occasions, images were not recorded or additional 

images were taken. Only patients with at least 30 image

pairs were included in the study and only image pairs that 

were less than 3 minutes or more than 30 minutes apart 

were considered.  

 

The data were evaluated using the statistical software R 

version 2.7.2. The analysis included the three orthogonal 

distances, anterior/posterior (AP), superior/inferior (SI) and 

left/right (LR) recorded in millimetre increments. The total 

movement, D, was determined as the 3D vector of the three 

distances: 

 

D
2

= (AP
2

+ SI
2

+ LR
2
)

 

This was used in the evaluation of margins. Without ac-

tually performing a dose calculation taking beam directions 

and properties into account, it is impossible to determine the 

exact dosimetric impact of the prostate moving into a par-

ticular direction. As such we determined the number of 

times the clinical target volume (the prostate) would have 

moved out of the planning target volume (PTV) developed 

using a given set of margins.  

 

We investigated also if there are different patterns of dis-

placement between different patients using a linear mixed

effects model with individual intercepts and slopes included 

as random effects.   

III. RESULTS  

A total of 5778 image pairs were evaluated of 184 pa-

tients (on average 31.4 image pairs per patient). The median 

time between pre- and post-treatment image acquisition was 

6 minutes, which reflects the fact that most patients were 

treated with a 5 field conformal treatment. On 2.9% of all 

 
Fig 1: Schematics of the imaging and treatment process 
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occasions, patients experienced a time on the treatment 

couch of 15 minutes or longer between pre- and post-

imaging. 

 

Figure 2 shows the prostate displacement in the three 

cardinal directions as a function of time between pre- and 

post-treatment image set. One can appreciate the ‘digital’ 

nature of the data collected as it is in 1mm increments. The 

mean displacement in AP, LR and SI directions being -0.04 

+/- 0.16 (1SD), 0.02 +/- 0.11, and 0.01 +/- 0.15, respec-

tively. None of the mean displacements is systematically 

different from 0 and as such not skewed in one direction. 

 

Only the movements in AP and SI direction were found

to be associated with each other (p < 0.0001). As can be 

seen in figure 3, there is no association between any of the 

other directional movements. 

 

The 3D difference in location of the prostate between 

pre- and post-treatment image was found to increase with 

time. On average, the displacement increased by 0.2mm 

every 5 minutes with a 95% confidence interval of (0.16, 

0.33). No particular direction was found to dominate this 

change. The increase of displacement with time can be seen 

in figure 4, which shows displacement for three different 

treatment duration groups of smaller than 7min, 7 to 14min 

and larger than 14min. The mean displacement for the 

greater than 14 minutes group was significantly larger than 

the means in the other two group (p-values < 0.0001).

 

Figure 5 illustrates the effect of the increasing displace-

ment on the choice of treatment margins. It shows the prob-

ability that the prostate (CTV) is not covered by the PTV 

when a certain margin is used. One can see that after 15 

minutes there was a 10% probability that the prostate has 

moved by more than 5mm. The figure does not account for 

the actual dose distribution but merely for the fact that the 

CTV would not be covered by the PTV for a given margin 

in one or more fractions.

 

 
Fig 4: Frequency of a displacement for three different time intervals be-

tween pre- and post-treatment imaging. a) <7min, b) 7-14min, c) >14min 

 
Fig. 2: Displacement between pre- and post-treatment image in the three 

cardinal directions as a function of time between the images. 

Fig. 3: Correlation between the motion in the three cardinal directions: a) 

AP/SI b) AP/LR, c) SI/LR 

 
 

Fig 5: Probability of prostate motion larger than a given margin as a 
function of time. 

a b c 

a c b 
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There was a large variation in average displacements be-

tween pre- and post-treatment imaging when comparing 

different patients (range 1 +/- 1mm to 6 +/- 2mm). How-

ever, no apparent trends for displacements to increase or 

decrease throughout the treatment course were identified. 

IV. DISCUSSION 

The distribution of times between pre- and post-treatment 

imaging and the typical prostate movements during that 

period are consistent with the literature and expectations. 

The times do not include patient set-up. 

 

It is interesting to note that the increase of displacement 

with time was found to be relatively small. However, after a 

relatively short interval of 3 minutes, the displacement was 

likely to exceed 2mm. Therefore, even a significant reduc-

tion of overall delivery time, such as possible with intensity 

modulated arc radiotherapy [10], cannot be used to justify a 

similar reduction in margin for internal motion. 

 

It is important to appreciate that the present data only 

shows the displacement of the prostate between pre- and 

post-treatment imaging. Therefore, it does not show any 

movement of the prostate during the time of delivery [9]. 

This could explain the slow increase of displacement with 

time between images as intermediate movements would not 

add to the observed displacement in the present study. 

The data are also limited to translational movements. The 

fact, that AP and SI motion of the prostate are associated 

with each other is well documented in the literature [11]. 

This is likely to reflect a rotation of the prostate around a 

left/right axis due to the fact that the rectum and the prostate 

are fixed in the same plane to the pelvic floor [12]. Finally, 

the information gathered pertains only to the fiducial mark-

ers. As such, deformation of the prostate is not recorded 

[13] and no information on seminal vesicle or critical struc-

tures is available [14]. This would require daily volumetric 

imaging. 

V. CONCLUSION 

There are clear limitations in using only pre- and post-

treatment images. However, the assessment is simple and 

can be performed using many commercially available image 

guidance solutions without adding considerable time to the 

treatment. It ensures that for the majority of the time, the 

CTV is treated within the PTV. As it is very likely that the 

overall displacement is associated with intrafraction prostate 

motion, we feel that pre- and post-delivery imaging can be 

used to categorize patients. This categorization could result 

in a simple method to individualize treatment margins in an 

adaptive manner and therefore reduce toxicity while ensur-

ing accuracy of delivery of the dose to the target. 
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Abstract––Objective There are two IMRT modes provided 
by some treatment planning system (TPS), one is static 
multi-leaf collimator (MLC) IMRT called “step&amp;shoot” 
and the other one is dynamic MLC IMRT called “sliding 
window”. This work investigated the dose decline on organ at 
risk (OAR) for nasopharyngeal carcinoma which driven by 
static IMRT. Methods Ten patients with nasopharyngeal 
carcinoma were allotted. Their plans were designed in both 
modes with Varian Eclipse. Under the condition that beam 
directions and optimization parameters were all the same, the 
dose on tumor targets and OARs were compared between these 
two IMRT modes. Then the treatment setup errors were 
considered and the same comparisons were repeated on the 
planning risk volume (PRV). Results There were no statistical 
significance on the maximum point dose, minimum point dose 
and average dose of the targets between the two IMRT modes. 
The static IMRT can provide not only the better conformal 
index for GTV (p=0.036) and PTV (p=0.047), but also the lower 
dose distribution on parotid-average (p&lt;0.01), parotid-V35 
(p&lt;0.01), brainstem-average (p&lt;0.01), 
brainstem-maximum (p=0.017), spinal-cord-average 
(p&lt;0.01) and lens-average (p=0.049). Even the setup errors 

were considered, the results on PRV of parotid-average 
(p=0.033), parotid-V35 (p=0.012) and spinal-cord-maximum 
(p=0.016) were all the same. Conclusion In comparison with the 
dynamic IMRT mode, the static one can reduce the dose on 
some of the nasopharyngeal carcinoma OARs with no 
dosimetric reduction on the tumor target. This result may be 
partly responsible for the MLC running mode, static IMRT 
just deliver the dose to where ever needed, but the dynamic 
IMRT is beaming on all the time while the MLC sliding all over 
the beam field.  

Keywords––static IMRT, dynamic IMRT, dosimetric 
reduction, nasopharyngeal carcinoma. 
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Abstract— The aim of this work is to develop a dose calcu-
lation engine for clinical proton beams based on a Monte-
Carlo code, GEANT4 (G4 dose engine), and to evaluate the 
dose distributions calculated by the engine by comparing with 
the measurements and the calculations of the pencil-beam 
algorithm (PBA). The beam delivery system at Hyogo Ion 
Beam Medical Center was modeled and implement in the G4 
dose engine. Treatment parameters for patients were trans-
ferred to the dose engine by using DICOM-RTPlan interface 
employed at HIBMC. Physics processes were verified by exam-
ining the Bragg curves in water and the scattering in the scat-
terer and the range-shifter, and were confirmed to be imple-
mented properly in the GEAN4. The dose calculations were 
then done by the G4 dose engine in a water phantom with the 
treatment parameters of a sample patient to verify the 
DICOM-RTPlan interface as well as the effect of the range 
compensator. The dose distributions were compared with the 
measurements, and the calculations and the measurements 
were in good agreement. The dose calculations on CT images 
of a patient were performed and were compared with the 
calculations by the PBA. The calculations were in good agree-
ment but a small disagreement at the distal edge was seen, and 
was presumably caused by the heterogeneity of the patient. 

Keywords— Proton therapy, Monte-Carlo simulation,  
DICOM-RT, Dose calculations on CT images 

I. INTRODUCTION  

Monte-Carlo based dose calculation engines are desired 
in proton therapy to obtain accurate dose distributions in 
patients [1,2]. We have therefore developed a dose engine 
based on the GEANT4 toolkit [3,4] (G4 dose engine) for a 
beam delivery system at Hyogo Ion Beam Medical Center 
(HIBMC) [5]. The development has been done in collabora-
tion with the Core Research for Evolutional Science and 
Technology of Japan Science and Technology Agency 
(CREST/JST). HIBMC is a medically dedicated facility 
with both proton and carbon-ion radiotherapy capabilities
in Japan.  

One of the issues in this development was how the treat-
ment parameters of a patient were transferred to the G4 dose 
engine. The treatment parameters for a patient were deter-

mined in a Treatment Planning System (TPS), and the pa-
rameters were transferred to the beam delivery system by 
using a DICOM-RTPlan interface [6] at HIBMC; we there-
fore employed the same interface to transfer the parameters 
to the G4 dose engine, and implemented it. 

Physics processes for protons must be verified before ap-
plying the G4 dose engine for the dose calculations. Verifi-
cation for the DICOM-RTPlan interface was also done by 
comparison of measured dose distributions in a water phan-
tom with those calculated by the G4 dose engine. Treatment 
parameters of a patient diseased by a head & neck cancer 
were chosen for the comparison as a sample. 

The dose calculations were then performed on CT images 
of the sample patient by using the G4 dose engine. The dose 
distributions were compared with those calculated by a 
pencil-beam algorithm (PBA) [7], which was implemented 
in the RTPS at HIBMC. 

In section II we describe a beam delivery system em-
ployed at HIBMC and the DICOM-RT interface. The re-
sults of the verifications for physics processes, DICOM-RT 
interface, and the dose calculations in the sample patient are 
presented in section III. 

II. MATERIALS AND METHODS 

A. Beam delivery system at HIBMC 

A broad beam technique to deliver proton beams to pa-
tients was employed at HIBMC. Fig. 1 shows a schematic 
layout of the beam delivery system, consisting of wobbling 
magnets and a scatterer as a lateral beam spreading device, a 
ridge filter as a range modulator, a range shifter as a de-
grader, and a multi-leaf collimator (MLC) and range com-
pensator. The beam modifying and limiting devices were 
modeled in the G4 dose engine by using the GEANT4 geo-
metrical package, and the devices were set according to the 
treatment parameters determined by the TPS. 
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Fig. 1 Schematic layout of the beam delivery system with photos of the 
beam devices. 

B. DICOM interface 

DICOM-RTPlan interface was employed to transfer the 
treatment parameters determined by the TPS to the beam 
delivery system.  The interface was referred to as DICOM-
RTPlanX, which was made by the Mitsubishi Electric Cor-
poration (MELCO), where “X” signifies that the interface is 
a dialect of the RTPlan. The TPS was developed for ion 
therapy by MELCO on the commercial product, XiO. The 
beam design section was developed based on MGH-proton, 
and the dose engine was developed based on the pencil-
beam algorithm [4] by MELCO. 

DICOM-RTPlanX interface was implemented in the G4 
dose engine. Treatment parameters could be transferred to 
the G4 dose engine easily by this interface. Fig. 2 shows the 
shapes of the MLC opening and the range compensator 
transferred to G4 dose engine for the sample patient.

 

Fig. 2 Shapes of the MLC opening and the range compensator for the
sample patient 

III. RESULTS 

A. Verification of physics processes 

The physics processes for protons were verified by com-
paring calculations of the G4 dose engine with the meas-
urements. Two physical quantities were used for the verifi-

cation: the Bragg curves in water and the scattering in the 
scatters and the range shifters.  

The Bragg curves in water were compared between the 
calculations by the G4 dose engine and the measured ones. 
The results are shown in Fig. 3. The shapes of the calculated 
Bragg curves agreed well with the measured ones; however, 
slight disagreements of 0.7 to 1.0 mm were seen in the 
ranges.  The differences were however adjustable by choos-
ing either the beam energy or the ionization potential of 
water [8] properly. 80 eV of the ionization potential of wa-
ter was chosen in this work. 

The scattering in the scatterers and the range-shifters was 
verified by comparison of the beam width (Gaussian sigma) 
of a pencil beams between the calculations and the meas-
urements. The pencil beams broadened by either the scatters 
or the range-shifters were measured by scanning a pinpoint 
ionization chamber in air at the isocenter. The calculations 
and the measurements were in good agreement as shown in 
Fig. 4. Disagreements for thick scatterers were seen due to 
the inaccurate measurements for large beam widths. 

 

Fig. 3 Comparison of Bragg curves between the GEANT4 calculations and 
the measurements for the (a) 150 and (b) 230 MeV proton beams. Histo-
grams represent the GEANT4 calculations, and dots are the measurements. 

 

Fig.4 Comparison of beam widths in Gaussian sigma of the pencil beams 
as a function of the thicknesses of (a) the scatterers and (b) the range-
shifters. The GEANT4 calculations are plotted by black circles, and the 
measurements are black squares. 

B. DICOM-RT interface verifications 

Whether the DICOM-RT interface worked properly or 
not was verified by comparing dose distributions in water 
between the calculations and the measurements with the 
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treatment parameters of the sample patient. A water phan-
tom was placed at the isocenter instead of the patient, and 
dose distributions were measured by scanning an ionziation 
chamber in the phantom. Fig.5 shows the results together 
the dose distributions calculated by the PBA. The agree-
ment was quite well between the measurements and the 
calculations. The results also show that the energy loss and 
the scattering in the range compensator and water were 
properly implemented in the GEANT4.  

Fig. 5 (a) Dose distributions calculated by the PBA on a numerical water 
phantom. The patient coordinate system (right-hand system) was drawn by 
yellow allows. Dose profiles in water on three axes (b) z, (c) x, and (d) y, 
through the isocenter were compared between the measurements (blue 
circles) and the GEANT4 calculations (histogram) and the PBA calcula-
tions (red curves). 

C. Dose distributions on CT images 

Dose distributions on CT images of the sample patient 
were calculated by using the G4 dose engine. The results 
are shown in Fig. 6. The calculations were quite consistent 
with those by the PBA; however a disagreement was seen at 
the distal edge. The distal edge in the dose distributions by 
the G4 dose engine was sharper than that by the PBA. The 
difference seems to be caused by the heterogeneity of the 
patient, e.g. the air cavity of the nose, because similar dis-
agreement is seen for a lung cancer and a liver cancer, 
though the results are not shown in this paper. 

IV. DISCUSSION 

We developed a dose engine based on the GEANT4. The 
beam delivery system and the DICOM-RT interface at 
HIBMC were successfully implemented in the GEANT4 
toolkit. 

Several issues for the improvements are however remain-
ing. One is the calculation speed. As is well known, the 
calculation speed of Monte-Carlo simulation is quite slow, 
and the GEANT4 is no exception. It takes 16 hours for a 
computer cluster (2.4GHz-64bit processor 30) to calculate 
the 2 108 proton histories in the CT images divided into 
0.2 cm cubic voxels while the PBA finishes the calculations 
less than 5 sec. The speed must be improved; but it seems 
that the optimization of the code faces to the limitation. 
Another issue is the relative biological effectiveness (RBE). 
In charged particle radiotherapy dose distributions biologi-
cally equivalent to photon doses were used for the evalua-
tion of treatment plans. The RBE issue for proton therapy is 
less of a problem but for carbon-ion therapy, because a 
constant RBE=1.1 for protons is presently employed at most 
of facilities. The RBE issue must be solved anyway. 
 

  

Fig.6 Dose distributions on the CT images calculated by (a) the PBA and 
(b) the G4 dose engine. The patient coordinate system (right-hand system) 
was drawn by yellow allows. The dose profiles on the three axes (c) z, (d) x, 
(e) y, through the isocenter were compared between the two calculations by 
the G4 dose engine (histograms) and the PBA (red curves). 

V. CONCLUSIONS  

We developed the dose engine based on the GEANT4 
toolkit (G4 dose engine). The beam delivery system at 
HIBMC was modeled in the G4 dose engine, and the treat-
ment parameters for the beam delivery system were trans-
ferred to the G4 dose engine by using the DICOM-RTPlan 

(a)

(b)

(c) 

(d)  

(e)  

 

R
el

at
iv

e 
do

se
 

R
el

at
iv

e 
do

se
 

R
el

at
iv

e 
do

se
 

z (mm)

x (mm)

y (mm)

(c) 

(b) 

(d) 

 

 

x (mm) y (mm)

z (mm)

R
el

at
iv

e 
do

se
 

R
el

at
iv

e 
do

se
 

R
el

at
iv

e 
do

se
 

(a) 

  
 IFMBE Proceedings Vol. 25  

542 T. Akagi et al.



interface. The dose distributions were calculated by the G4 
dose engine for a water phantom and the patient to be com-
pared with the measurements and the calculations by the 
PBA. The dose distributions were also calculated on the CT 
images of the patient by the G4 dose engine. All the dose 
distributions were in good agreement each other; however a 
small disagreement in the dose distributions in the patient 
was seen at the distal edge. 
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Abstract––The aim of this study is to demonstrate that the 
use of gold nanoparticles may enhance the dose in the tumour 
cells during brachytherapy. A Monte Carlo transport code, 
MCNPX was used to estimate this dose enhancement.  The 
high-intensity 192Ir source design, for high dose-rate (HDR) 
brachytherapy is used in the simulation.  The 192Ir source was 
located at the uterus phantom proposed by Eckerman and 
Cristy, 1996. The current study considered three levels of gold 
nanoparticles concentration within the tumour: 7, 18 and 30 
mg Au/g tissue assuming no presence of gold outside the 
tumour. 

The dose enhancement factor for gold nanoparticles within 
the tumour region ranged from 5% to 20% depending on the 
radial distance from the source and the gold concentration 
level within the tumour.  

It is concluded that the use of nanoparticles like Au are 
promising in the brachytherapy treatment because of high 
effectiveness for the enhancing of doses within the tumour 
cells. This enhancing effect has a substantial advantage in 
reducing the number of daily fractions of radiation in the 
tumour, compared with the conventional treatment. 

I. INTRODUCTION 

Nowadays mankind continues fighting for the 
improvement and extension of the duration of human life. 
Cancer is currently one of the most important causes of 
increasing number of deaths in Cuba [1].Three of the most 
effective medical procedures used by men in order to stop 
the cancer pandemic diseases are: surgery, radiotherapy and 
chemotherapy. They also may be used together with 
labelled compounds addressed to the tumour cells. 

Surgery is for the majority of cases the selected therapy; 
and good results are achieved.  By the other hand 
chemotherapy and radiotherapy affect hole human body. 
The radiation application in medicine makes it necessary to 
search the adequate procedures in order to achieve a better 
characterisation of the radiation quality knowing all the 
possible effects on the human body. This need brings a 
relative relevance to the work by us described here. 

 
 

Use of nanoscience and nanotechnology in medicine is 
very promising. Some authors have already performed 
studies using gold nanoparticles for improving radiation 
treatments in oncology [2].Our study intends to demonstrate 
by means of the radiation doses calculations inside tumours 
that nanotechnology may be used together with those 
therapies against cancer, once very promising results of its 
application on animals have been obtained [3].  

Gold nanoparticles have been administered by means of 
intravenous or intra-arterial injections directly to at the 
tumour in mice [4]. Nanoparticles have been administered 
in a concentration that ranged between 0.3% and 2% of 
metal by animal weight. 

For radiation gamma fluxes used in the irradiation, the 
tumour distributed doses enhancement may be obtained by 
using material compositions of high atomic number. This is 
the case for Au (Z=79) because of the photoelectric 
absorption, Compton dispersion and pairs formation in the 
tumour. Those effects are not present at the surrounding 
tissues where there is a lack of metallic nanoparticles. 

The doses enhancement depends on multiple factors as it 
is the case for the complex nature of the radiation 
dispersion. It depends on the radiation quality, the spatial 
location and micro distribution of nanoparticles and the 
particular response of the living beings. 

II. MATERIALS AND METHODS 

The current preliminary study was conducted with two 
test cases that simulated both external beam radiation 
therapy and brachytherapy. In each case, uniform 
distribution of gold nanoparticles inside the tumour has 
been assumed. 

The material composition of the phantom hydrogen, 
carbon, nitrogen and oxygen was taken as the same as the 
four-component tissue: H- 10%, C-11, 1%, N- 2.6% and  O- 
76.2%. material composition was already defined by the 
International Commissions on Radiation Units and 
Measurements (ICRU-1989)[5]. 
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The compositions and density of the tumour were 
modified according to the concentration levels of gold 
nanoparticles used in previous studies in mice: 7, 18 and 30 
mg of Au/g of tumour [6]. Distance from the assumed plane 
source to the phantom surface was 20 cm. In the case of 
brachytherapy treatment a mathematical phantom of the 
uterus [7] has been used and the high dose rate (HDR) Ir-
192 source described in the paper of Daskalov et al. [8] .  

In the simulation we introduce a new high-intensity 192Ir 
source designed, intended for use in the latest generation 
Micro Selectron-HDR remote after loading. Figure 1 shows 
Micro Selectron-HDR source details as well as an y-z plane 
view for the MCNPX probabilistic code simulation. Source 
design details may be appreciated and different used 
material compositions and dimensions in mm for adequate 
description are explicitly given. 

 
Fig. 1 Geometrical scheme for Micro Selectron HDR source a) Daskalov, 
et al, 1998, geometrical specifications b) MCNPX code simulation 

The source for the brachytherapy treatment simulation is 
placed in the axis center as it is shown in Fig. 1. The 
distance between the tumour and the axis is 1.5 cm. The 
steel AISI 316L is composed from 2% Mn, 1% Si, 17% Cr, 
12% Ni and 68% Fe and has a density of 8.02 g/cm3. 

Data for the energy spectrum for Ir-192 was taken from 
library referred in www.nndc.bnl.gov/mird. 

Ir-192 beta spectrum is neglected because of source 
cladding absorption of beta particles. 

Figure 2 shows brachytherapy treatment simulation with 
the HDR Ir-192 source.  

 
Fig. 2 2D representation for the brachytherapy treatment using an HDR Ir-
192 source 

The distance from the source centre to the tumour centre 
is 1,5 cm. being its radio 1 cm. The current study considered 
three levels of gold nanoparticles concentration within the 
tumour: 7, 18 and 30 mg Au/g tissue assuming no presence 
of gold outside the tumour. The effect of gold nanoparticles 
in small concentrations outside the tumour was already 
studied. 

The calculation of deposited doses with and without the 
presence of nanoparticles in the tumour were carried out 
with the Monte Carlo based MCNPX code [9]. For the 
calculation, f6 tally (MeV/g) -energy deposition tally- has 
been used. The number of histories used was of an order of 
106. The relative error obtained was less than 5%.In the 
current study, the dose enhancement was estimated 
macroscopically over the entire tumour volume. 

III. RESULTS 

Figure 3 shows the doses enhancement factor as a 
function of distance for the brachytherapy respectively 
when different metal nanoparticles are used. The study has 
been extended including gadolinium (Z=64), tantalum 
(Z=73), rhenium (Z=75), platinum (Z=78) and gold (z=79) 
nanoparticles. The enhancement doses factor (DEF) is 
defined by the rate of the doses with and without the 
presence of nanoparticles. 
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Fig. 3 Different metals nanoparticles effects for HDR Ir-192 source 
brachytherapy.  Calculated doses enhancement factor (DEF) as a function 
of distance 

Finally metal selected was gold, because of it is a 
relatively inert metal and an essentially non-toxic one. 

The DEF factor increases with the increasing Z of the 
different studied metals. For low energy photons, the 
dominant effect is the photoelectric effect. It varies 
approximately as (Z/E) 3, where E is the incident photon 
energy.  
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To investigate the effect of gold nanoparticles presented 
outside the tumour, another type of tissue was imitated by 
altering the composition and density of the ICRU four-
component tissue for the presence of 2 mg Au/g of tissue 
when the tumour was loaded with 30 mg Au/g tumour. 

In figure 4 the effects of the use of different Au 
nanoparticles concentrations: 7, 18 and 30 mg Au/g of 
tumour as a function of distance are shown. 

 
Fig. 4 Different Au nanoparticles concentration effects for HDR Ir-192 
source brachytheraphy.  Calculated doses enhancement factor (DEF) as a 
function of distance 

The dose enhancement factor for gold nanoparticles 
within the tumour region ranged from 5% to 20% 
depending on the radial distance from the source and the 
gold concentration level within the tumour. Fig. 5 shows the 
effect of the presence of gold nanoparticles outside the 
tumour at the concentration of 2 mg Au/g tissue, when the 
gold concentration in the tumour was 30 mg Au/g. 
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Fig. 5 Different Au nanoparticles concentration effects for HDR Ir-192 
source brachytheraphy.  Calculated doses enhancement factor (DEF) as a 
function of distance 

The current results show that the loading of gold into 
surrounding normal tissue at 2 mg Au/g resulted in a 
negligible effect. 

The increased concentration of gold nanoparticles results 
in  a higher doses enhancement factor inside the 
nanoparticles bearing region. The tumour cells are strongly 
affected without an important damage to the health 
surrounding tissues. 

The high effect obtained for the cancer treatments using 
nanoparticles is derived from the high atomic number of Au 
as well as the small dimensions of particles, with diameters 
below 150 nm making it easy to penetrate the tumour cells. 

That dimensions are suitable for moving through the 
blood vessels inside the tumour. When a radiation is 
directed to the tumour area from the external photon beam 
or by means of a catheter the nanoparticles energy 
absorption heat them acting then like new numerous small 
sources that repeat the effect bringing an increase in the 
local energy deposition. 

Using of metallic nanoparticles shows to be an efficient 
method for radiation doses and therapeutically effects 
enhancement for reduction and or the elimination of 
tumours without unacceptable damage to the normal tissues. 

This therapy looks very promising for the elimination of 
characteristic tumours for prostate, breast and lung.         

The performed study shows that the highest effect is 
obtained for the Au nanoparticles treatment when it is done 
using an internal source (Ir-192) after an intra-tumour 
nanoparticles injection. 

IV. CONCLUSIONS 

Nanoparticles use for doses enhancement may be 
considered as a more effective technique for radiation 
therapy in cancer in comparison with traditional methods. 
The performed preliminary study encourages us for further 
research in this area. Further studies based on a more 
sophisticated computational model seems to be necessary in 
order to estimate dose at a microscopic level and also 
toxicity studies at nanoscale (or microscale) should be 
performed. 

Experimental tests in phantoms and studies in vitro/in 
vivo would be also very interesting as a reference for 
comparisons. 
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Improvement in dose homogeneity in a patient with sinonasal cancer  
using nasal accessory 
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Abstract— Many treatment regimens for sinonal malignant 
neoplams remain empirical and controversial because of a lack 
of sufficient clinical data. This article discusses the considera-
tions in the radiation treatment of the malignancies that arise 
in the nasal cavity. When the nasal accessory was inserted in 
patient’s nose, the equivalent uniform dose (EUD) increased 
from 104.7% to 106.5 % and the homogeneity index (HI) was 
drastically improved from 1.05 to 0.41 using nasal accessory. 
Moreover, delivered dose to organs at risk (OARs) tends to 
decrease. For sinonasal cancer patients nasal accessory im-
proved homogeneity of target and maximum doses were de-
creased for critical organs. 

Keywords— Sinonal cancer, homogeneity, nasal accessory, dose 
distribution 

I. INTRODUCTION  

Sinonasal malignant neoplasms are diverse and uncommon 
diseases so large clinical studies with adequate patient 
population are scarce.[1,2] Many treatment regimens remain 
empirical and controversial because of a lack of sufficient 
clinical data. As sinonasal cancer includes cavity near tumor 
and critical organs, homogeneous dose is to deliver to the 
target while minimizing complications due to irradiation of 
critical organs. The inhomogeneity is critical for accurate 
dose optimization and the effect of the air cavity on photon 
beams create a dose drop near the cavity. In addition to, the 
existence of air cavity in the treatment fields makes dosime-
tric problem because of loss of the charged particles equili-
brium in tissues near tissue-air interface.[3] 
This article discusses the considerations in the radiation 

treatment of the malignancies that arise in the nasal cavity 
using nasal accessory. 

II. MATERIAL AND METHODS 

A computed tomography (CT) simulation was performed 
with the patient supine in an immobilization system (ther-
mal plastic mask) with the mouth gag. The CT data set with 
3mm slice thickness was transferred to the treatment plan-
ning system. A plan was designed with the Pinnacle plan-
ning system and prescribed dose to CTV was 66 Gy in 33 
fractions. Clinical target volume (CTV) and brain stem, 

optic nerves and chiasm as organs-at-risk (OARs) were 
contoured on the planning CT scan. We modified the CTV 
to exclude air cavity in the target. A three-field technique 
was applied with one AP (anterior posterior) conformal 
photon beam and two lateral opposed wedged photon beams 
of 6 MV as shown in Fig.1. Nasal accessory with air-gaps 
help to swallow the saliva present in patient’s mouth. Pa-
tient was treated on a Varian 23iX linear accelerator (Varian 
Medical Systems, Palo Alto, California). 

 

Fig. 1 A three-field technique without (a) and with nasal accessory with 
air-gaps(b). CTV was delineated with red color and modified CTV ex-

cluded the volume of air cavity with the blue color wash. 

We used the homogeneity index (HI) and the equivalent 
uniform dose (EUD).[3,4] HI is an important feature in 
DVHs, providing a good assessment of homogeneity in 
planned target volume. We compared dose-volume histo-
grams (DVH) and isodoselines on the base of treatment 
planning system and dose distributions delivered dose in 
targets. 

 

III. RESULTS AND DISCUSSION 

The DVH curves for CTV and OARs were compared ac-
cording to nasal accessory. Fig.2 showed that one (solid 
line) is a three-field technique without and another (solid 
symbol) with nasal accessory. CTV do not seem to cover 
cancer site because of air cavity. We modified target vo-
lume(modified CTV) excluded the air cavity.When the 
nasal accessory was inserted in patient’s nose, DVH curve 
of CTV is similar to that of the modified CTV. Target cov-
erage of target was improved with nasal accessory. One 
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parameter of degree of tumor cell survival, EUD increased 
from 104.7% to 106.5 % using nasal accessory. Moreover, 
delivered dose to OARs tends to decrease. Maximum dose 
to brain stem decreases with nasal accessory. We investi-
gated the homogeneity index because the degree to which 
target inhomogeneity affects the dose distributions of indi-
vidual fields varies with the specific anatomic geometry, 
especially the size and location of the air cavities in relation 
to the beam orientation. HI was drastically improved from 
1.05 to 0.41 using nasal accessory. 

 
 
 
 
 
 
 
 

 

 

Fig. 2 DVH curves of 3D planning without (a) and with (b) nasal accessory. 
(ModCTV: modified CTV, LtON: Left optic nerve, RtON: Right optic 

nerve, OC: Optic chiasm. A indicates plan using nasal accessory.) 

Fig.3 and Fig.4 display the isodoselines of axial, sagittal, 
and coronal image view. The dose distribution was distri-
buted in the AP direction because of sinus region. The V-
shaped isodoselines toward posterior direction increased 
comparing plan with nasal accessory. The delivered dose to 
brain stem decreased owing to nasal accessory reducing the 
effect of air cavity.  

The nasal accessory reduced the inhomogeneity near tu-
mor. The nasal accessory improves the homogeneity in a 
target while it makes difficult for patients to swallow the 
saliva. We compared the difference according to existence 
of air-gaps within the nasal accessory. There was a slight 
decrease of maximum dose to brain stem using the nasal 
accessory without air-gaps. However, the homogeneity of 
target was almost same compared with nasal accessory 
including air-gaps. 

 

 

Fig. 3 Isodoselines of axial, sagittal, and coronal image view without nasal 
accessory. 

The sinus region in target volume gives rise to inhomo-
geneity of dose distribution which could affect clinical out-
come.  

 
 

 
Fig. 4 Isodoselines of axial, sagittal, and coronal image view using nasal 
accessory and mouth gag. 

IV. CONCLUSIONS  

The homogeneous dose distribution is important for 
radiation therapy. Unfortunately for sinonal cancer patients 
it is not easy to obtain homogeneous dose distribution 
because of sinus region with 3D conformal plan. In the 
sinus regions, nasal accessory can be useful in reducing the 
air cavity effect for radiation therapy alone. When the nasal 
accessory was inserted in patient’s nose in order to reduce 
the effect of inhomogeneity in a target, the EUD increased 
from 104.7% to 106.5 % and the HI was drastically 
improved from 1.05 to 0.41. Moreover, delivered dose to 
OARs had a tendency to decrease. The nasal accessory can 
reduce inhomogeneity in a target caused by the effect of air 
cavity and maximum dose to critical organs for sinonasal 
cancer patients.. 

REFERENCES  

 
1. Harbo G, Grau C, Bundgaard T, et al. (1997) Cancer of the basal 

cavity and paranasal sinuses. A clinoco-pathological study of 277 pa-
tients. Acta Oncol 36:45-50  

2. Roush GC. (1997) Epidemiology of cance of the nose and paranasal 
sinuses: current concepts. Head Neck Surg 2:3-11 

Improvement in Dose Homogeneity in a Patient with Sinonasal Cancer Using Nasal Accessory 549

  
 IFMBE Proceedings Vol. 25  



3. J.L.Beach,M.S.Mendiondo,and O.A.Mendiondo (1987) A comparison 
of air-cavity inhomogeneity effects for cobalt-60,6-,and 10-MV x-ray 
beams Med. Phys. 14:140-144 

4. Niemierko, A (1997) Reporting and analyzing dose distributions: a 
concept of equivalent uniform dose Med. Phys. 24:103-110  

5. Grzadziel A,Anca-Ligiagrosu,and Kneschaurek P (2006) Three-
dimensional conformal versus intensity modulated radiotherapy dose 
planning in stereotatic radiotherapy:Application of standard quality 
parameters for plan evaluation Int. J. Radiation Oncology Biol. Phys. 
66:S87–S94 
 

 

550 S. Park et al.

  
 IFMBE Proceedings Vol. 25  



Implementations and first measurements with Delta4 at the TomoTherapy  

S. Kampfer, S. Schill and P. Kneschaurek 

Klinik und Poliklinik für Strahlentherapie und Radiologische Onkologie, Klinikum rechts der Isar, Technische Universität München, 

München, Germany 

Abstract— To perform QA for the increasing number of 
IMRT plans there is a need for fast and precise measuring 
systems. Delta4 of ScandiDos is marketed as such a system. We 
implemented this system in our clinic for TomoTherapy and 
investigated the practicability as well as the accuracy and 
reproducibility of dose delivery measurements. Fixed field 
procedures as well as patient plan verification procedures were 
tested with the phantom and evaluated for profiles and γ-
index. 

Keywords— TomoTherapy, Delta4, verification, measurements, 
QA 

I. INTRODUCTION  

Advanced techniques in radiotherapy such as gated 
radiotherapy and intensity-modulated radiation therapy 
(IMRT) have the potential to improve the conformity of 
dose coverage of the target while sparing organs at risk 
from high radiation doses. The number of patients treated 
with IMRT including helical tomotherapy increases in our 
clinic continuously and each IMRT plan requires dose 
verification measurement. This demands for a fast, precise, 
and stable method to verify the volumetric treatment plans – 
not only in 2D but preferably in 3D. Traditionally 3D 
verification is performed by irradiating a phantom 
containing one or multiple films. This is a very time 
consuming and error prone method. A faster method is the 
use of a 2D array like the PTW 2D-Array seven29 (PTW, 
Freiburg, Germany) [1], which allows to measure a planar 
dose distribution in the center of the octavius phantom 
(PTW, Freiburg, Germany).  

With the Delta4 measuring system from ScandiDos 
(ScandiDos, Uppsala, Sweden) it is possible to measure the 
dose distribution simultaneously in two orthogonal planes. 
We implemented the Delta4 system on a TomoTherapy 
HI·ART machine (TomoTherapy, Madison, WI, USA). We 
compared Delta4 with our standard methods and introduced 
it into our clinical practice of treatment quality assurance 
(QA). The goal of our work was the investigation of the 
reproducibility of dose delivery and the practicability of the 
system. 

II. MATERIALS AND METHODS 

A. Material 

Delta4: The Delta4 system of ScandiDos consists of a 40 
cm long cylindrical PMMA phantom with two orthogonal 
planes with 1069 p-Si diodes. The electronics of the system 
with the electrometers is attached at one side of the phantom 
(Fig. 1). 

 

 
  
Fig. 1 Delta4 on its trolley with the electrometers on the left side   

 
The spacing of the 0.78 mm² sized diodes in the inner 

region is 5 mm, in the outer region 10 mm, the overall 
detection area being 20 x 20 cm². In case of standard 
positioning the two orthogonal planes are located with a roll 
of 45° (x-position), but with a tool from ScandiDos it is also 
possible to place them in horizontal and vertical direction 
(+-position). See Fig. 2. 

        
    x-position   +-position 

Fig. 2 Delta4 positions of detector planes 
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Delta4 is designed to use trigger signal from the LINAC 
to synchronize the measurement with the dose pulses. 
TomoTherapy HI·ART system doesn’t provide such a 
trigger signal. A new option of the Delta4 firmware from 
ScandiDos (version: 2008 June) generates it own trigger 
signals to allow measurements with TomoTherapy HI-ART.  

LINACS: The LINAC we used for the investigation is the 
TomoTherapy HI·ART system with its treatment planning 
system (Planning Station, version 3.1.2.8, TomoTherapy). 
For the calibration of the device we used a Varian Clinac 
Trilogy (Varian, Baden, Switzerland) as well as a standard 
ionization chamber.  

B. Setup and preparation 

Calibration of the system: The diodes of the Delta4 
system are calibrated separately for relative and absolute 
dose. Relative calibration is performed in an open field of 
26 x 26 cm² on a Varian Trilogy with a 6 MV photon beam. 
The absolute calibration (dependence of the spectrum) was 
performed in the TomoTherapy beam. 

Planning for QA: The treatment plan of a patient is 
applied to the CT scan of the Delta4 phantom and the dose 
distribution calculated. We used the CT-scan delivered by 
ScandiDos with their HU/density-table. Special QA 
irradiation fractions are generated by the TomoTherapy 
system and the QA-plan and the calculated dose distribution 
are transferred via DICOM RT to ScandiDos software.    

C. Measurements 

Two types of measurements were performed: simple 
fixed fields (field length: 1 cm, 2.5 cm and 5 cm; field width 
40 cm) were irradiated with Delta4 in the x-position. In 
addition, the field length of 2.5 cm was measured also in the 
+-position. The mentioned procedures are open fields with 
static gantry (0°) and duration of 30 seconds. All the 
phantom setups were irradiated three times each on the 
same day with completely new phantom positioning for 
every measurement. The aim of measuring these check 
procedures was to show the stability of the system and to 
get a feeling for the accuracy including the setup errors.   

The second type of measurement was patient plan 
verification. For these measurements 12 patient plans (eight 
head and neck cases, one pelvis, one head, one arm and one 
sarcoma case) were recalculated as described in subchapter 
B. Planning for QA. The range of treatment times was from 
about three minutes to nearly ten minutes. All 
measurements were performed with the phantom in x-
position, five of them three times.  Five plans were also 
irradiated in +-position, three of them two times. The set-up 
of Delta4 was done with the isocentric laser system (green 

lasers) except for two plans where we used the second (red) 
laser system and shifted the planned dose distribution in the 
analyzing software for the distance of the lasers. Every QA-
plan was measured only once a day in the same phantom-
position. 

D. Evaluation 

In Scandidos software: The analysis of the measured 
procedures was done using the ScandiDos analyze software. 
The three fixed-field measurements (1, 2, 3) of every setup 
were compared with each other (1 with 2, 1 with 3 and 2 
with 3) and analyzed for dose deviation (DD), distance to 
agreement (DTA) and γ-index. The measured patient QA 
plans were compared with the calculated dose distributions 
and analyzed for γ-index. An average of the γ-indices for 
the measurements with the same phantom-position was 
done for every patient as well as an average of these values 
over all patients.  

Furthermore a visual control of the overlaid measured 
and calculated horizontal and vertical profiles was 
performed. This includes a subjective check for the 
(relative) shape of the measured points in contrast to the 
calculated line and for the absolute deviation of (single) 
points.  

Practicability: While doing the planning, the DICOM 
RT transfer, the setup of the phantom and the evaluation of 
the measurements, we checked for the time that is needed 
for each step. Further the ability to bring the phantom to the 
required position was considered. In addition the general 
workflow with this system was under investigation. 

III. RESULTS  

A. Fixed field irradiation 

On average 82% [73%] of the diodes fulfilled the DD 
(2%) [(1%)] criterion over all 12 comparisons with a range 
from 53% to 100% [53% to 100%]. Regarding the DTA 
(2mm) [(1mm)] criterion the analysis of measured points 
showed more than 99% [95%] agreement on average with a 
range from 97% to 100% [79% to 100%]. In comparison, 
the DD (2%) criterion is reached by significantly less points 
than the DTA (1mm). This result (more than 99% of all 
dose points have a correspondent point in at least 2 mm 
distance) shows that for all compared measurements the 
setup error is not very large. The results for the DD mean 
that some dose points differ more than the output variation 
of the machine (up to 1% - seen from the recorded monitor 
units of the measured procedures).  
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The γ-indices (2mm/2%) [(1mm/1%)] reached values <1 
from an average percentage of diodes of nearly 100% [98%] 
by a range from 98% [93%] to 100% [100%]. Our results 
for the TomoTherapy are very similar to those of Korreman 
et al. [2] on a Varian Clinac. 

B. Patient-cases 

The analysis of the percentage of diodes that have a γ-
index (5%/3mm) <1 of the measured procedures showed (in 
the average) in four cases better results for the x-position 
than for the +-position, in one case it was the opposite. (See 
also Table 1.) Consecutive measurements of one case can 
differ in a wide range (from 54% to 91%) within one 
extreme case or be very constant in three other cases (less 
than 2% difference between all values for example from 
93% to 94% in one case). The reason for the great 
differences in two cases is not clear yet. The output of the 
TomoTherapy HI·ART machine is very constant [3]. The 
maximum averaged percentage for any of the cases is 95%, 
the minimum 77% while the average over the averaged 
percentages of γ-indices <1 of all patients (for x-position) is 
88%. This result is in good agreement with the results of 
Xue [4] using a Varian Trilogy.  

 
Table 1 Results of the patient-case measurements: Percentage of 

Diodes with γ–index <1 for the mentioned position of the phantom 
 

Measurement: x1 x2 x3 +1 +2 x-Average: 
Case            

1 92           
2 85           
3 85 91 54     77 
4 93           
5 90 91 90 90   90 
6 95 94 95 93 84 95 
7 80           
8 91 90 78 78 82 87 
9 87     53   87 

10 94 93 93 98 96 93 
11 95           
12 89           
Average: 90 92 82 82 87 88 

 
In addition to the objective parameters we analyzed the 

difference of the measured and calculated profiles. This 
check gave the expected results and looked very similar to 
measurements with the PTW Octavius system. All 
measured cases showed acceptable results concerning the 
profiles.  

C. Practicability 

There is no significant difference in time for establishing 
a QA-plan for the Delta4-system than for any other system. 
Planning and transfer take about 6 minutes. The set-up and 
alignment of the Delta4 is due to the heavy weight (27 kg) 
sometimes hard work. For example the trolley is designed 
for conventional linac tables. It cannot be used to set-up the 
phantom on the TomoTherapy couch because there is not 
enough space. The connections (power and Ethernet) are 
very easy and fast. The exact alignment with the lasers is 
sometimes difficult because the system has four feet and is 
therefore over defined. 

But after solving the initial problems with Delta4 we 
finally managed to use it effectively. 

IV. CONCLUSIONS  

Delta4 from ScandiDos is a practicable measuring system 
for the daily QA of treatment plans on ThomoTherapy 
machine. The alignment uncertainties as well as the dose 
differences were in an acceptable range. The profile 
comparison and the practicability are not much different 
from other systems. The possibility to measure in x- and +-
position of Delta4 is a very good tool. The additional options 
like the structure sets analyzing DVH option as well as the 
measurement in 4D offers a wide spectrum of usage, but are 
not yet implemented in our clinic. 

The results of our first measurements compared with 
results of other groups showed good agreement (although 
no literature was available with results of the usage on 
TomoTherapy). 

We plan to do further investigations to split up the results 
in entities and perhaps to characterize the advantages of x- 
and +-position. 
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Abstract— Describe the principles and report the prelimi-

nary results on dose distributions obtained with a new genera-
tion of treatment planning system (TPS) designed to provide, 
in addition to the dose distributions within the target-volumes, 
the magnitude of the doses to distant healthy tissues in the 
course of common radiotherapy procedures. The system is 
made of (1) a library of adjustable whole-body patient models 
in radiotherapy treatment position, allowing different patient 
anatomies to be simulated, (2) a global-beam model allowing 
the dosimetric data of the irradiation beams to be extended to 
the whole body and (3) a TPS modified to handle the two first 
modules in order to produce the dose distributions within the 
target-volumes and in any organ at distance. Our preliminary 
results indicate that in an adult male patient treated by radio-
therapy for Hodgkin disease using two opposed 6 MV photon 
beams, the mean doses to distant organs are: 0.9 % of the 
target volume dose for the pituitary gland, 0.40% to 3.4% for 
the kidneys, 0.43% for the prostate, and at larger distance, 
0.07% and 0.02 % at the level of the knees and the feet respec-
tively. Although the development of our system is still in pro-
gress, the preliminary results are encouraging. This systematic 
evaluation of the low doses delivered at distance of the target-
volumes is a basic requirement for prospective studies of long-
term risks of modern radiotherapy procedures. 

Keywords— Radiotherapy, peripheral dose, treatment plan-
ning system. 

I. INTRODUCTION  

Public Health Codes more and more require that any in 
relevant formation for the estimation of the high doses de-
livered within the target volumes and the low doses deliv-
ered outside should be recorded. In this context, the avail-
ability, for each radiotherapy patient, of the magnitude of 
the unavoidable low doses delivered outside the target vol-
umes, becomes an important issue. However, to date, treat-

ment planning systems (TPS) are not designed for this pur-
pose. We therefore have developed a new version of the 
TPS ISOgrayTM (Dosisoft, Cachan, France), which can 
provide, in addition to the dose distributions within the 
target-volumes, the magnitude of the doses to distant 
healthy tissues in the course of common radiotherapy pro-
cedures. 

This paper describes the principles and reports prelimi-
nary results on the dose distributions obtained with this new 
generation of TPS. 

II. MATERIAL AND METHODS 

Our strategy has involved 3 modules. The first one is a 
library of deformable Whole Body Patient Models (WBPM) 
in treatment position, allowing different patient anatomies, 
including children and adults of both sex and various age 
groups, to be simulated. The WBPM were constructed using 
archived CT and PET-CT images of patients from Institut 
Gustave-Roussy radiotherapy and Nuclear Medicine de-
partments, selected according to gender, age, height, weight 
and treatment position. 

Algorithms implementing anthropometric data from our 
previous phantoms [1,2] were applied to match a WBPM 
with the actual patient dimensions. For regions included in 
the actual patient imaging data, image registration software 
developed by the Dosisoft Company was used to match the 
WBPM and the patient. For each patient, this approach has 
made possible to create on demand an individualized 
WBPM in the appropriate radiotherapy treatment position. 
The second module is a multi-sources beam model, allow-
ing the dosimetric data of a given beam to be extended to 
cover the whole body. The concept of extra focal sources 
[3] was adapted for regions very far from the radiotherapy 
target-volume, up to 200 cm from the beam central axis, 
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taking into account the treatment head leakage, the patient 
and collimating device scattered radiation and the secondary 
collimator jaws transmission. The last module adapts a TPS 
to handle the two first modules. Then, in the usual treatment 
planning procedure, the user can limit the dose evaluations 
and radiotherapy plan optimization to the target-volumes 
and adjacent tissues (common approach) or perform evalua-
tions of the doses delivered to the rest of the patient body, 
through the global beam model and the WBPM. 

 

 

Fig. 1 Procedure of the clinical application of the dedicated TPS. 

During the clinical application process, the radiotherapy 
plan based upon CT images restricted to the patient ana-
tomical regions directly involved in the irradiation process 
(figure 1.a) is established and validated as usual. Then, 
(figure 1.b) for the extrapolation to the regions not included 
in the actual patient imaging data, the system selects the 
most suitable model in the WBPM library. The selection is 
based upon gender, age, and treatment position. Deforma-
tions of the selected model to match the patient morphology 
are then applied (figure 1.c.). Using this process, the dose 
distributions can be evaluated anywhere, in a whole-body 
anatomy with dimensions as close as possible to those of the 
actual patient. 

III. RESULTS 

At this stage, a WBPM library (Figure 2 and Table 1) in-
cluding two male adults, two female adults and three pediat-
ric anatomies has been achieved. As shown in figure 3, in 

each of our models the relevant internal organs have been 
segmented. 

 
 

 

 

Fig. 2 Examples of WBPM in radiotherapy position. 

Table 1 Characteristics of the WBPM in treatment position 

N° Sex Age 
(years) 

Height 
(cm) 

Weight 
(kg) 

Position 

1 F 5 112 21 Arms along the body 

2 F 34 158 50 Arms along the body 

3 F 52 163 60 Arms raised 

4 M 30 178 65 Arms raised 

5 M 36 170 65 Arms raised 

 
 

 

Fig. 3 Example of WBPM showing some internal structures. 

Step 1: Achievement of the 
treatment plan as usual. 

Step 2: Selection of the suitable WBPM.

Step 3: Registration of the WBPM 
on the patient imaging data. 

WBPM.

Actual patient imaging data 

 WBPM 1 WBPM 2 WBPM 3 WBPM 4 WBPM 5 
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Examples of pediatric anatomies of different ages result-
ing from the resizing of the unique 5 years old female pedi-
atric model of the library are shown in figure 4. Patient of 
any dimensions can be extrapolated from the 5 models now 
available. 

 
 

 

Fig. 4 Deformation of a 5 years old pediatric model to match the dimen-
sions of pediatric patients with different ages and sizes. 

 
As an example of the order of magnitude of the doses 

that can be expected at distance from the target volume, the 
figure 5 shows the results of measurements performed in an 
Alderson Rando phantom in a simulation of a treatment for 
Hodgkin disease (adult male patient). Using two opposed 6 
MV photon beams, if the target volume dose is 30 Gy, our 
preliminary results indicate that at distance, a mean dose of 
0.27 Gy was delivered to the pituitary gland, 0.40 to 1.03 
Gy to the kidneys, 0.13 Gy to the prostate, and at larger 
distance, 0.02 Gy and 0.005 Gy are delivered at the level of 
the knees and the feet respectively. 

IV. DICUSSION 

Although the development of our system is still in pro-
gress, the preliminary results are encouraging. Having dose 
evaluations in the target-volumes and adjacent tissues 
achieved using a TPS in agreement with quality assurance 
standards for such equipments [4], calculated dose distribu-
tions accuracy is expected to fulfill the requirements for the 
dose and for the position, for the gross tumor volume, the 
clinical target volumes and the planning target volumes. 
Even when adjusting calculations outside the irradiated 
volume using TLD measurements in a water tank for simple 
configurations and in a whole-body Alderson Rando phan-
tom, for more realistic treatment situations, a larger relative 
uncertainty is obtained, due to the higher uncertainty on 

measurements of low doses. Data previously published 
stated that the standard deviation of the measurements of 
these low values is about 20% [5,6] for collimator-related 
radiation. 

 
 

 

 

Fig. 5 Dosimetric study extended to regions remote from the irradiated-
volume, on a whole-body Alderson Rando phantom irradiated using Hodg-
kin disease treatment technique involving 2 opposed 6 MV photon beams. 

 
 
 
Allowing whole-body dose evaluations and optimizations 

to be achieved for each patient as a part of the usual treat-
ment planning procedure, our approach should provide the 
relevant information required for the patient radiotherapy 
benefit-risk management and for general approach of the 
patient radiation protection. 

This systematic evaluation of the low doses delivered at 
distance of the target-volumes is in addition, a basic re-
quirement for prospective studies of long-term risks of 
modern radiotherapy procedures. 

0.27 Gy 

1.03 Gy 

0.13 Gy 

0.02 Gy 

0.43 Gy 

30 Gy 
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Abstract — In a previous study in our institution [1] it was 
concluded that for specific RT-treatments, it is advantageous 
to use the isocenter-to-table distance (ITD) for initial patient 
set-up. The couch height set-up method improves the accuracy 
of the patient position in the ventro-dorsal direction signifi-
cantly. In particular in combination with an off-line correction 
strategy, this set-up method improves the accuracy of the 
treatment. In many institutions, a ruler is used by the radia-
tion technologists to set the ITD during initial patient set-up. 

We have recently developed a camera-based independent 
couch measurement system in cooperation with a commercial 
vendor (Panasonic Electric Works Western Europe) to replace 
the ruler for determining the couch height. The aim of the new 
system is a more streamlined workflow, in which the couch 
height is directly visible on a display, and the radiation tech-
nologists only have to move the couch to the correct ITD. In 
addition, a data link has been established so that the data of 
the couch height can now be stored in the log file of the treat-
ment machine for administration and analysis purposes. We 
are currently testing the new system and preparing for clinical 
implementation. 

 
Keywords— patient, set-up, couch, height, radiation therapy. 

I. INTRODUCTION  

Accurate patient set-up during radiotherapy is extremely 
important for tumor control. According to ICRU-50/62, the 
planning target volume (PTV) has to account for internal 
organ motion and treatment set-up uncertainties to ensure 
adequate coverage of the clinical target volume (CTV). 
Improved patient positioning may justify margin reduction 
which may result in a reduction of the irradiated organs at 
risk (OAR) volume, and decreased toxicity. A commonly 
applied strategy to reduce the systematic set-up error is the 
application of offline correction protocols [2,3], in which 
this error is  measured using portal imaging during the first 
few treatment fractions, and corrected during subsequent 
fractions. Consequently, no imaging is performed during 
most treatment fractions, and the advantage of these offline 
setup correction protocols is that the most important setup 
errors are strongly reduced at the cost of only a limited 
amount of (additional) imaging dose. However, a reproduc-
ible and accurate initial patient set-up is therefore required 
to effectively apply an offline correction protocol. 

In a previous study in our institution [1], the traditional 
laser set-up method using skin markers to position the pa-
tient in the ventro-dorsal (VD) direction was compared with 
the couch height set-up method using the ITD, with the 
application of an off-line setup correction strategy for both 
methods. The hypothesis underlying a possible benefit of 
using the ITD is that internal organ motion during the 
treatment course is small compared to the flexibility of the 
skin. The conclusion of the study by van Lin et al. [1] was 
that initial patient set-up using the ITD significantly im-
proved the accuracy of the patient position in the ventro-
dorsal direction during prostate cancer radiotherapy. In our 
institution, the ITD is used for initial patient setup during 
most treatments, except e.g., during head and neck radiothe-
rapy. 

Unfortunately, the electronic readout of the table position 
cannot be used for the couch height set-up method, because 
sagging of the treatment couch is not properly taken into 
account. In particular when patients are not always treated 
at the same treatment machine during an offline correction 
protocol, the different sagging properties of the treatment 
couches may induce a significant setup error. Therefore, the 
couch height during treatment is set using a ruler to measure 
the distance between the laser lines defining the isocenter of 
the treatment beams and the treatment couch. However, the 
ruler method is laborious and logging of data is not possi-
ble.  

In this project we replaced the ruler based measurement 
of the couch height with an independent, optical camera-
based method. The couch height is visible on a display, and 
technologists only have the move the couch to the correct 
couch height.  

II. MATERIAL AND METHODS 

We developed a camera-based independent couch mea-
surement system in cooperation with Panasonic Electric 
Works Western Europe. Figure 1 shows the optical parts 
(camera, infra-red light and mirror) of the camera-based 
independent couch height measurement system which are 
fitted into the wall of the treatment room. A strip is mounted 
at the lateral side of the couch and is used as a reference for 
ITD measurement. The double-speed camera is connected 
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to an image-checker system consisting of a monitor and a 
Programmable Logic Controller (PLC). The monitor shows 
a real-time image of the reference strip. The PLC calculates 
the couch height and transfers the real-time data to a digital 
display.  

 

 
 

Fig. 1 The optical parts of the camera-based independent couch height 
measurement system: a) camera and mirror, b) digital display and c) refer-
ence strip at the lateral side of the treatment couch. For illustration purpos-
es, the ruler currently applied to determine the ITD is positioned on the 
treatment couch. 

To determine the initial patient setup, the radiation tech-
nologists now only have to look at this display and move 
the couch to the correct ITD. Registration of the couch 
height for administration and analysis purposes is build into 
the existing protocol to avoid additional operations. This 
was achieved by further extending the functionality of a 
pushbutton of the treatment couch, which was already used 
to confirm the initial patient setup for the Theraview Couch 
Set-up Assistant (TCSA, Cablon Medical B.V., Leusden, 
The Netherlands) system. This system enables automated 
patient positioning corrections by remotely steering the 
treatment couch. 

Prior to clinical implementation the camera-based height 
measurement system has been tested in our department. 
First, the system was tested by positioning 6 volunteers at 
various couch positions and comparing the logged data with 
the ITD measured with a ruler. Subsequently, the system 
was specifically tested for clinical application during patient 
treatment. During this test phase, the display was not visible 

for the radiation technologists and the couch height during 
initial patient set-up was determined using a ruler. For these 
clinical implementation tests, the ITD as defined during 
treatment preparation and the logged data of the camera 
based system were compared. 

III. RESULTS 

 
Figure 2 shows the difference between the data of the 

camera based system and the ruler measurement for six 
volunteers with weights ranging from 50 to 100 kg. The 
volunteers where positioned on the treatment couch at three 
different longitudinal positions (35, 60 and 85 cm). For each 
longitudinal position, the data of the camera based system 
was logged after setting the ITD to 5, 15 and 29 cm, respec-
tively, using the ruler.  
 

 
 
Fig. 2 Histogram of the differences between the logged data of the camera-
based system and the ITD measured with a ruler during the tests involving 
six volunteers. 

 
The results in Figure 2 show differences ranging from  

-1.5 mm to 1 mm. The mean deviation does not significant-
ly differ from zero (p = 0.94). The observed differences may 
reflect inaccuracies using the ruler, measurement errors of 
the camera based system, and/or calibration errors of the 
absolute height of the positioning laser.  
 Figure 3 shows the deviations between prescribed ITD 
and logged ITD by the camera based system measurements 
of collected patient data for a period of four weeks. Differ-
ences ranging from -4 mm to 4 mm are observed. These 
data show a much larger range of deviations than observed 
for the tests involving 6 volunteers. In a number of cases 
these larger deviations were caused by carrying out the off-
line position corrections before logging the ITD in contrast 
to the workflow defined in the current clinical protocol for 
the camera based system. 
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Fig. 3 Histogram of the differences between the logged data of the camera-
based system and the prescribed ITD during patient treatment in the clini-
cal test phase. 

 
Another contribution to the observed deviations may 

stem from  inaccurate positioning of the ruler during patient 
setup. Further research of these data needs is required and 
will be presented at the congress. 

IV. DISCUSSION AND CONCLUSIONS 

The tests with the 6 volunteers show that the absolute 
couch height can be accurately measured using the camera 
based system. To obtain reliable data logging, the clinical 
protocol for the camera based system may possibly have to 
be improved. The benefits of this camera-based independent 
couch height measurement system are a more streamlined 
workflow, in which the couch height is directly visible on a 

display so that the radiation technologists only have to 
move the couch to the correct ITD, reduction of human 
errors during initial patient set-up, and logging of the couch 
height. Regular QA of the system is required to guarantee 
that the system works correctly. 
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Abstract—Object To overcome the shortcoming of present 
commercial four-dimensional computerized tomography 
(4D-CT) reconstruction system and implement 4D-CT 
reconstruction based on multi-slices CT scanner. Methods A 
4D-CT reconstruction software program (GTH4DIM V2.0) 
was developed by using VC++ and VTK software tools. The 
CT data of patient underwent free breathing were acquired in 
Cine mode by a GE LightSpeed 16 CT scanner, the Cine 
during time was equal to the breathing period of the patient 
plus one second ( about 4-6s) and 8 to 15 slices CT image were 
acquired by a row CT detector in every Cine scan. The phase 
of each CT slice was determined according to the volume 
change rule of scanned thoracic cavity and lung tissue during 
respiration. All of the CT data with same phase, which where 
acquired in Cine mode, were resorted by GTH4DIM V2.0 into 
a same CT series, and several 3D-CT series with different 
phases could be got. Then, 3D reconstruction of the CT data 
was completed by using GTH4DIM V2.0 software. Results 
Compared with the unsorted CT data, the motion artifacts in 
the 3D reconstruction of sorted CT data were reduced a lot, 
and all of the resorted multi-phase CT series result in a 
4D-CT , which reflected the characteristics of the periodical 
motion viscera contained within the abdominal and thoracic 
cavities. Conclusion Time-resolved 4D-CT reconstruction of 
periodical motion viscera can be implemented with any 
general multi-slice CT scanners based on the volume change 
rule of scanned thoracic cavity and lung tissue during 
respiration, the process of the 4D–CT data acquisition and 
reconstruction were independent on the respiration 
monitoring system and not restricted to the hardware or 
software of the CT scanner, therefore, it’s a universal 4D-CT 
reconstruction method. 

Keywords— 4D-CT, motion artifacts, image reconstruction, 
radiotherapy, volume  

I. INTRODUCTION  

 
In recent years, 4D-CT is one of the great advantages in 

the image technical field [1-4]. Compared with traditional 
common CT without consideration of respiration motion, it 
can greatly reduce the motion artifacts, not only represent 
the shape of internal thoracic and abdominal organs which 
move with the respiration, but also character the feature of 

the movement, provide plan designing individually. It is 
more effective than fluoroscopy at charactering feature of 
tumor movement. This technology continues to advance in 
complexity, but the need for an external measure of 
breathing has remained a key component of all methods 
thus far. The newest methods for creating 4D-CT 
reconstructions of lung motion directly infer a deformation 
map from the slab data. These methods use different 
techniques to determine the reference volume, but all 
methods require that each slab is annotated with the lung 
volume measured at the time of acquisition [5-7]. 

Yet, there is no domestic 4D-CT system made in China, 
while the expensive imported 4D-CT system is only 
available with breathing monitoring devices, and the 
4D-CT reconstruction is invalid with common multi-slice 
helical CT scanner, furthermore, when the patient is fixed 
by the thermoplastic immobilization mask which restricts 
the contour movements during the breathing process, the 
mask hinders the respiration measure system to determine 
the breathing phase precisely. 

To overcome the shortcoming mentioned above and 
implement convenient and effective 4D-CT reconstruction, 
we present a novel 4D-CT reconstruction method, based on 
volume change of the thoracic and abdominal tissue or lung 
tissue, has been developed in this article. The process of 
4D-CT reconstruction doesn't need external breath 
surrogate and it is unaffected neither by hardware or 
software of CT itself nor thermoplastic mask, it is universal 
to implement 4D-CT reconstruction with any multi-slices 
CT scanner at a lower clinical cost. 

II. MATERIALS AND METHODS  

• Patient Data Acquisition 

CT data were acquired for free breathing patients in an 
axial Cine model by GE LightSpeed 16-slices CT scanner. a 
16-sliceCT scanner (GE LightSpeed 16) was used to 
acquire the patient CT data.The scanning technique used 
120 kVp and 150 mA with four 2.5 mm thick slices 
acquired using the Cine mode (the Cine mode operates the 
scanner without couch motion). CT scans were 
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continuously acquired every 0.5 s with each scan ~360° 
gantry rotation. Here 15 scans were acquired at each couch 
position before the couch was moved to the adjacent 
position. This process was repeated until the entire thorax or 
abdomen was scanned  

• 4D-CT Software Design  

A 4D-CT reconstruction system, based on volume 
change of the thoracic and abdominal tissue or lung tissue, 
has been developed by using VC++ and VTK software tools 
in this article. The main modulars include the following 
aspects: reading CT image, threshold segmentation, volume 
calculation, phase resorting, dynamic 4D-CT visualization, 
result output and printing.  

• Image Recognition 

After acquiring patients’ CT image, read in all CT 
images scanned in Cine mode by 4D-CT reconstruction 
software system, derive the basic information such as CT 
pixel matrix, thickness, basic information of patients, 
parameters of scan, et al., eliminated CT board, clothes and 
sheet and keep the body axial information in CT image by 
using image threshlod segment technology. 

• Body/Lung Volume Calculation 

For each CT slice, the volume of thoracic and abdominal 
tissue can be calculated out by accumulating the entire 
pixel within the body contour. If the patient was fixed by 
using thermoplastic immobilization mask, then the lung 
volume calculation was needed.  

V=ΣWi*Hi*d  
Where, V: denotes body/lung volume, Wi: pixel width, 

Hi: pixel height, d: slice thickness.  

• Phase determination 

The CT images acquired in each couch position were 
scanned in different breathing circle, the phase of each CT 
image in a breathing cycle could be determined from the 
curves of body/lung volume--couch positions, and all of the 
CT data with same phase were sorted by the 4D-CT system 
into a same series, and all of the sorted CT series result in a 
4D-CT that reflected the characteristic of the periodical 
motion target. 

• Image Reconstrution 

Group the images with same phase of different couch 
position into the same series. In this way, 8-10 CT series 
are obtained at different phases in one respiration circle 
according to the scan parameter. Each single series equals 
to the outcomes of breath holding scan in a phase in the 
respiration circle. The sagittal and coronal reconstruction 

for a single phase 4D-CT reconstruction for patients 
with/without thermoplastic immobilization mask were 
completed by using the 4D-CT reconstruction system 
proposed by our group, and 3D view of axial, sagittal and 
coronal for eight phases 4D-CT reconstruction were 
accomplished, too. 

III. RESULTS  

 

 
Fig.1 The curves of body/lung volume --couch positions show  

the volume changing during respiration 

 
(a) 

 
(b) 

Fig.2 The coronal and sagittal images for patient without thermoplastic 
mask immobilization: (a) Cine scans and directly reconstruct, 

 (b) 4D-CT reconstruction based on volume change 
 

 
(a) 

 
(b) 
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Fig.3 The coronal and sagittal images for patient with thermoplastic mask 
immobilization: (a) Cine scans and directly reconstruct, 

 (b) 4D-CT reconstruction based on volume change 

 
Fig.4 Sagittal 3D view of eight phases 4D-CT reconstruction of viscera 
contained within the thoracic cavity during respiration 

 
Fig.5 Coronal 3D view of eight phases 4D-CT reconstruction of viscera 
contained within the thoracic cavity during respiration 

 
Fig.6 Axial 3D view of eight phases 4D-CT reconstruction of viscera 
contained within the thoracic cavity during respiration 

IV. CONCLUSIONS  

Time-resolved 4D-CT reconstruction of periodical 
motion viscera can be implemented with any general 
multi-slice CT scanners based on the volume change rule of 
scanned thoracic cavity and lung tissue during respiration, 
the process of the 4D–CT data acquisition and 
reconstruction were independent on the respiration 
monitoring system and not restricted to the hardware or 
software of the CT scanner, therefore, it’s a universal 
4D-CT reconstruction method. 

V. DISCUSSION 

Compared with previously reported prospective or 
retrospective 4D-CT reconstruction with a single-slice or 
multi-slice CT[8-11], the advantages the 4D-CT 
reconstruction method proposed here include the following 
aspects: 

4D-CT reconstruction of periodical motion target can be 

implemented with any general multi-slice CT scanners 
based on the volume change, the process of the 4D–CT data 
acquisition and reconstruction were not restricted to the 
hardware or software of the CT scanner and has the 
feasibility and extensive applicability. And the temporal- 
spatial resolution of the 4D-CT is determined by the CT 
scanner itself. When the 4D-CT reconstruction has been 
completed, the arbitrary single-phase 4D-CT, sagittal or 
coronal and 3D view image can be put out and it will 
facilitate the following application a clinical practice and 
scientific research. 

It is not obstructed by the thermoplastic immobilization 
mask during the 4D-CT reconstruction, thus it is a break- 
through of the current 4D-CT reconstruction methodology. 
When the patient underwent radiotherapy is immobilized 
with thermoplastic mask, and his/her breathing amplitude is 
restricted and it will result in a failure determination of 
respiration phase for the external respiratory monitor 
system, i.e. RPM system or AZ-737V air bellows belts, 
therefore, the 4D-CT reconstruction can not be accom- 
plished in this condition for the current commercial 4D-CT 
system. But the thermoplastic immobilization mask will not 
affect the 4D-CT reconstruction based on the volume 
change of thoracic and abdominal tissues or lung volume, 
and it will facilitates the popularization of 4D-CT in precise 
radiotherapy. 

Another advantage of the 4D-CT reconstruction based 
on the volume change induced by respiration is very 
convenient and effective. For example, a lap PC with 1GB 
memory (Dell Latitude 620) will take only 40s to import 
1200 slices CT (512×512), and less than 10s to resort phase, 
less than 2s to reconstruct arbitrary single phase 4D-CT, 
sagittal or coronal view image. If a more powerful PC with 
2GB memory is used to import 2000 slices CT, which cover 
the whole thorax and abdomen, the 4D-CT reconstruction 
process will be less than 10s. It is much more efficient than 
hours consuming conventional iterative computation 
methodology. 

Real 4D view: Conventional literatures about 4D-CT 
reconstruction only reported sagittal and coronal 4D-CT 
images. Not only two-dimensional sagittal and coronal 
4D-CT images have reconstructed nut also sagittal and 
coronal 3D views changing over time have been achieved, 
and the living viscera motion induced by the respiration can 
be displayed periodically. 
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Abstract— Modern dosimetry protocols are based on the use 
of ionization chambers provided with a calibration factor in 
terms of absorbed dose to water. The basic formula to deter-
mine absorbed dose at a user’s beam contains the well known 
beam quality correction factor that is required whenever the 
quality of radiation used at calibration differs from that of the 
user's radiation. Calculated beam quality correction factors 
can be obtained from dosimetry protocols – directly from 
tables or using provided formulas and data – for a large vari-
ety of ionization chambers and qualities with a relative stan-
dard uncertainty of about 1%. With the increasing power of 
the Monte Carlo method applied to ionization chambers it 
might be possible to arrive at calculated correction factors 
with a lower uncertainty. A combined study of calculation and 
experimental determination of corrections factors was carried 
out to investigate the reliability and accuracy of the Monte 
Carlo method. The experimentally obtained dependence of the 
correction factors on beam quality and chamber type is well 
modelled by the calculations. However, the Monte Carlo meth-
ods still requires an improvement of accuracy. 

Keywords— absorbed dose, ionization chamber, beam quality 
correction factor, measurements, Monte Carlo 
calculation 

I. INTRODUCTION  

Ideally, the beam quality correction factor should be 
measured directly for each chamber at the same quality as 
the user beam. However, such measurements can be per-
formed only in laboratories having access to the particular 
beam quality of interest and to an energy-independent do-
simetry system, such as a calorimeter, operating at this 
quality. This is achievable at present only for a few primary 
standard dosimetry laboratories (PSDLs) in the world. 
When no measured data are available, the correction factors 
can be calculated under the condition that the Bragg-Gray 

theory can be applied. For many chambers such calculated 
data are indeed provided in the dosimetry protocols [2,3,4]. 
For chambers not included there, the user has to follow the 
calculation procedure given in the protocol which, however, 
is not easy to perform. Results of correction factors will 
have a minimum relative standard uncertainty of 1%. 

Alternatively, quality correction factors may be obtained 
by a Monte Carlo simulation of the ionization chamber 
exposed under reference condition to the radiation quality of 
interest. With the increasing power of the Monte Carlo 
(MC) method applied to chambers it might be possible to 
really arrive at correction factors with even a lower uncer-
tainty of 1%. Modern MC-codes such as the "cavity" code 
from the EGSnrc system [1] are indeed able to yield results 
with an A type uncertainty well below 1%.  

However, it is necessary to check MC obtained correc-
tion factors also by measurements. Although correction 
factors cannot directly be measured without having access 
to an energy independent dosimetry system (e.g. a water 
calorimeter), they can be at least determined as the ratio to a 
reference beam quality correction factor. The advantage of 
this method is that it can be employed independently from a 
PSDL. The disadvantage is that the absolute values of re-
sults strictly depend on the correctness of the quality correc-
tion factor of the reference chamber. Nevertheless, such 
experimentally derived correction factors can be used to 
check part aspects of the MC method to obtain quality cor-
rection factors. 

II. MATERIALS AND METHODS 

A. Determination of the quality correction factor 

Following dosimetry protocols such as the International 
Code of Practice for Dosimetry TRS 398 [2], the American 
Protocol TG-51 [3], or the German DIN 6800-2 protocol 
[4], absorbed dose to water in high-energy photon beams is 
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determined by an ionization chamber measurement using 
the expression 

0 0, , , ,w Q Q D w Q Q QD M N k   (1) 

where Dw,Q is the absorbed dose to water in the user's 
beam with quality Q, MQ is the ionization chamber reading 
corrected for influence quantities other than that of the beam 
quality, 

0, ,D w QN  is the calibration factor valid under refer-

ence conditions for the quality Q0 , and 
0,Q Qk  is the beam 

quality correction factor, which is employed to account for 
all differences between user’s radiation quality Q and that 
of the calibration quality Q0. If 60Co gamma radiation is 
used as the calibration quality, the correction factor is de-
noted by kQ. This abbreviation is also used here. 

The absorbed dose Dw,Q at a point in water can be de-
rived from the mean dose deposited in the sensitive air vol-
ume of an ionization chamber, Da, according to: 

, , , , ,w Q a Q w a Q Q Q a QD D s p f D  (2) 

Using this relation, kQ is obtained by: 

Q w w
Q

a aCo Q Co

f D D
k

D Df
 (3) 

Hence kQ can be calculated using only ratios of absorbed 
doses which are directly accessible by means of a Monte 
Carlo simulation applied to an ionization chamber exposed 
under reference condition to the radiation quality of interest 
and to that of 60Co gamma radiation. kQ has been deter-
mined for a variety of chambers as shown in Table 1. 

Table 1 Type and nominal parameters of cylindrical ionization chambers 
used in this study 

Ionization 
chamber type 

Cavity 
volume 
in cm3 

Cavity 
length 
in mm 

Cavity 
radius 
in mm 

Wall 
material 

Wall 
thickness 
in g cm-2 

Central 
electrode 
material 

PTW 30013 0.600 23.0 3.1 
PMMA, 
Graphite 

0.541 aluminum

PTW 31010 0.125 6.5 2.8 
PMMA, 
Graphite 

0.541 aluminum

PTW 31002 0.125 6.5 2.8 
PMMA, 
Graphite 

0.357 aluminum

PTW 31006 0.015 5.0 1.0 
PMMA, 
Graphite 

0.541 steel 

PTW 31014 0.015 5.0 1.0 
PMMA, 
Graphite 

0.541 aluminum

Scdx-Wellhöfer 
CC01 

0.010 3.6 1.0 C552 0.088 steel 

Scdx-Wellhöfer 
CC04 

0.040 3.6 2.0 C552 0.070 C552 

Exradin A1SL 0.057 5.8 2.0 C552 0.200 C552 

Exradin A14SL 0.016 2.6 2.0 C552 0.200 copper 

B.  Monte Carlo simulation 

Each Monte Carlo simulation in this work has been per-
formed with codes based on the EGSnrc system. Simulation 
strategy is as follows. In a first step, phase-space data corre-
sponding to a reference beam (60Co) and to a series of 
megavoltage photon beam qualities (ranging between 4 MV 
and 25 MV) are generated and scored at a source distance 
which corresponds to the surface of a water phantom (90 cm 
or 95 cm, depending on beam quality). This step was per-
formed with the Monte Carlo code BEAMnrc [5]. At a 
second step, the history of photons taken out from these 
phase-space data are followed through a water phantom in 
which absorbed dose is calculated to both, to water at the 
point at reference depth and to the air of the sensitive vol-
ume of a given ionization chamber adjusted to reference 
depth. For this second step we have employed the Monte 
Carlo codes CAVRZnrc [6] and cavity [7]. 

C. Measurements 

The beam quality correction factor IC
Qk  of a chamber of 

interest (referred to as IC) can be determined using the ratio 
of measured charges according to: 

IC ref

refIC Co
Q Q IC ref

Q

M M
k k

M M
  (4) 

if the charge at the qualities Q and Co exactly refers to 
the same dose. This method is well feasible for a normal 
user. In order to control and maintain the requirement of 
equal dose, this method was additionally based on a simul-
taneous measurement of charges of two ionization chambers 
where the second chamber served as a monitor as shown in 
Fig 1. 

 

 
Fig. 1 Two-chamber assembly where the lower chamber serves as a moni-

tor 
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Using this measurement set-up, the ratio refIC
Q Qk k can be 

obtained with an uncertainty of about 0.5% 
Measurements were performed in high energy photon 

beams from three linear accelerators with nominal energies 
of 6, 15 and 23 MV. 

III. RESULTS AND DISCUSSION 

A. Reference chamber 

Two values for the correction factor of the reference 
chamber (PTW 30013-2521) were determined at the Ger-
man PSDL, the Physikalisch-Technische Bundesanstalt 
(PTB) based on calorimetric measurements with an uncer-
tainty of 0.3%: 

kQ=0.716   =  0.9788 and  kQ=0.762   =  0.9649  
These values are compared with our MC calculation and 

with the data given TRS 398 as shown in Figure 2. 

PTW 30013

photon beam quality, Q (TPR20,10)
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TRS 398
calculated by MC

measured at PTB

 
Fig. 2 Beam quality correction factors of the reference chamber as a func-

tion of the beam quality index TPR20,10 

The MC results of the reference chamber are obtained 
with a type A uncertainty of 0.5% and agree very well with 
the data in TRS 398 for all qualities included in this study. 
However, they disagree with the measurement. The ob-
served deviation of the two measured results does not really 
represent a contradiction, since the TRS 398 data have an 
uncertainty of 1%. Nevertheless, Wulff et al. using the MC 
method [8] found similar deviations from the TRS 398 data 
and a good agreement with the measured data. Therefore, 
one can conclude that still unknown remaining type B un-
certainties are involved in the MC method (i.e. input pa-
rameters used for the MC simulation) such that they prevent 
a reliable MC calculation of correction factors with an un-
certainty well below 1%. 

B. Other chambers 

The assumption was made that the remaining type B un-
certainties in the MC method have less influence on uncer-
tainty of the ratio between the chamber of interest and the 
reference chamber. For the comparison between calculation 
and measurement, we therefore present only such ratios. 
The experimental values were normalized to the TRS 398 
data of the reference chamber. The comparison between 
calculation and measurement of all chambers included in 
the study is shown in Figure 3.  
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Fig. 3 Ratio of beam quality correction factors to that of the reference 

chamber (PTW 30013 Farmer) for  all chambers included in this study as a 
function of the beam quality index TPR20,10. Circles refer to the measure-
ments, triangles to the MC result, and the solid line represents the ratio 

obtained from the TRS-398 [2] data. 
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With two exceptions, the calculated and measured values 
agree very well. For the PTW 31006 pinpoint ionization 
chamber, the experimentally derived correction factor ratios 
significantly deviates from the Monte Carlo data at 18 MV 
and 23 MV. A possible reason is the central electrode made 
of stainless steel and/or a reduced signal stability during 
measurements. At 6 MV the experimental value for the 
EXRADIN A-14SL ionization chamber deviates by 2% 
from the Monte Carlo result. This chamber, however, 
showed an anomalous saturation effect that could be the 
cause of this deviation. 

The general agreement between measurement and calcu-
lation is interpreted as an indication that MC simulations 
using the EGSnrc codes are well able to model the response 
of ionization chambers, and in particular the change of re-
sponse due to different geometries and materials. 

For some of the chambers, a significant difference be-
tween our own results and the TRS-398 data was observed. 
This particular applies to the Scdx-Wellhöfer CC01 cham-
ber, but also, to minor extent, to the two PTW Pinpoint 
chambers. A possible reason may be attributed to the uncer-
tainties in the data as well in the procedures used to deter-
mine the perturbation factors which in turn are influencing 
the determination of the calculated beam quality correction 
factors. 

IV. CONCLUSIONS 

This work comprises a systematic comparison between 
Monte Carlo calculation and an experimental procedure to 
obtain beam quality correction factors for a variety of ioni-
zation chambers and beam qualities. The achieved uncer-
tainties of about 0.5% associated with the measurements 
supports the usefulness of the measuring method with the 
aim to provide a tool to check the MC calculation. The MC 
method, although still not in the status to provide correction 

factors with an overall uncertainty below 1%, is considered 
to be a very valuable tool to improve the data basis required 
in the determination of absorbed dose with ionization 
chambers. 

REFERENCES  

1. Rogers DWO, Kawrakow I, Seuntjens JP, Walters BRB and Maine-
gra-Hing E (2003) NRC User codes for EGSnrc. NRCC Technical 
Report PIRS-702 revB 

2. Andreo P, Burns D T, Hohlfeld K, Saiful Huq M, Kanai T, Laitano F, 
Smyth V, and Vynckier S (2000) Absorbed Dose Determination in 
External Beam Radiotherapy: An International Code of Practice for 
Dosimetry based on Standards of Absorbed Dose to Water. TRS 398 
(edition V.10 and V.11b, 2004), IAEA, Vienna 

3. Almond PR, Biggs PJ, Coursey BM, Hanson WF, Huq S, M, Nath R, 
Rogers DWO (1999) TG-51 protocol for clinical reference dosimetry 
of high-energy photon and electron beams. Med Phys 26,1847-1870 

4. DIN Deutsches Institut für Normung (2008) Dosismessverfahren nach 
der Sondenmethode für Photonen- und Elektronenstrahlung, Teil 2: 
Ionisationsdosimetrie. Deutsche Norm DIN 6800-2 

5. Rogers DWO, Faddegon BA, Ding GX, Ma CM, Wei J, and Mackie 
TR (1995) BEAM: A Monte Carlo code to simulate radiotherapy 
treatment units. Med Phys 22, 503-52 

6. Rogers DWO, Kawrakow I, Seuntjens JP, Walters BRB and Mai-
negra-Hing E (2003) NRC User codes for EGSnrc. NRCC Technical 
Report PIRS-702 revB 

7. Kawrakow I (2005) Egspp: the EGSnrc C++ class libray. NRCC 
Report PIRS-899 

8. Wulff J, Heverhagen J T, Zink K (2008) Monte-Carlo-based perturba-
tion and beam quality correction factor for thimble ionization cham-
bers in high energy photon beams. Phys. Med. Biol. 53, 2823-2836 

Author:  Günther H. Hartmann 
Institute:  German Cancer Research Center 
Street:  Im Neuenheimer Feld 280, D-69120  
City:  Heidelberg 
Country:  Germany 
Email:  g.hartmann@dkfz.de 

 
 
 

576 G.H. Hartmann et al.

  
 IFMBE Proceedings Vol. 25  



Localization of high dose rate 192Ir source during brachytherapy 
treatment using silicon detectors  

M. Bati 1, J. Burger2, V. Cindro1, G. Kramberger1, I. Mandi 1,  
M. Mikuž1,3, A. Studen1 and M. Zavrtanik1 

1 Institute Jožef Stefan/Experimental Particle Physics Department (F9), Institute Jožef Stefan, Ljubljana, Slovenia  
2 Institute of Oncology/Department of Radiophysics, Institute of Oncology, Ljubljana, Slovenia  
3 University of Ljubljana/Department of Physics, University of Ljubljana, Ljubljana, Slovenia 

Abstract— A system for in vivo tracking of 192Ir source dur-
ing high dose rate (HDR) brachytherapy treatments has been 
built using silicon pad detectors as image sensors and knife-
edge lead pinholes as collimators. HDR brachytherapy utilizes 
moving a small (2-4 mm long) radioactive (usually 192Ir) source 
within body cavity or tumor to deliver fractionated therapy 
dose to designated volume. The source is pulled and pushed 
within catheters (needles or applicators) which are operatively 
inserted into the target volume before the treatment. Positions 
and dwell times of the source in catheters are calculated by 
treatment planning programs. Various kind of errors and 
inaccuracies, such as displacements of catheters between 
treatment steps, can and do occur and often remain undetected 
since procedure only rely on a computer controlled mechanical 
delivery system (afterloader). An independent system for veri-
fying of HDR treatment would therefore be desirable. With 
self-images obtained from a dual-pinhole system the source 
location can be reconstructed in three dimensions. Due to high 
speed of silicon detector readout system the source position can 
be determined in real time allowing on-line detection of devia-
tions from planned treatment. The performance of the system 
was tested with 1 Ci 192Ir clinical source in air and plexi-glass 
phantom. The movements of the source could be tracked in a 
field of view of approximately 20 × 20 × 20 cm3 with absolute 
precision of about 10 millimeters and relative position of 
around 1.5 millimeter. 

Keywords— Brachytherapy, verification, silicon, detectors, 
pinhole. 

I. INTRODUCTION  

During HDR brachytherapy treatment remote afterload-
ing device drives high activity (1-10 Ci) source (typically 
192Ir ) to predefined positions within catheters or applicators 
that have been operationally inserted into the area requiring 
treatment. The accuracy of the source positions and dwell 
times has a direct impact on the radiation dose delivered to 
specific part of the target volume and hence to the 
e ectiveness of the treatment. Deviations between pre-
scribed and delivered doses may arise from various misad-
ministrations, including dislocations of catheters, incor-

rectly connected catheters, o sets of source positions etc. 
and they often remain undetected. The system which would 
detect discrepancies between planned and actual source 
movements on-line and at the same time provide a record 
for post treatment analysis would certainly improve 
e ciency of brachytherapy treatments. Several authors 
have proposed di erent methods for such source location 
monitoring [1], [2], [3] and discussed the limitations of their 
methods. 

Pinhole imaging technique has been used in nuclear 
medicine to map distributions of radiopharmaceuticals. 
Duan et al. [3] and Majevski et al. [4] have applied the 
technique to imaging of 192Ir source during brachytherapy, 
the former using x-ray fluoroscope and the latter using posi-
tion sensitive photo-multiplier tubes for gamma imagers. In 
this paper we investigate the possibility of using high-
resistivity silicon pad detectors as gamma image sensors for 
source localization during HDR brachytherapy. 

II. METHODS AND MATERIALS 

Detection system with a single pinhole provides a line that 
connects the pinhole and the detected image of the source. 
In order to determine information on the third dimension, at 
least two such systems need to be employed. If the precise 
geometric relations of the pinholes and detectors are 
specified, the images on the detectors can be used to recon-
struct the source position in space. Theoretically source 
position can be determined from intersection of two lines, 
each connecting pinhole position with corresponding detec-
tor image. Due to measurement error the source position 
may be represented by the point closest to both lines. Figure 
1 illustrates the method of reconstruction. 

If a reference point for patient position is given, the re-
constructed source position can be then related to position 
in target volume. However the emphasis is on tracking the 
source movements caused by afterloader and on reconstruc-
tion of the relative dwell positions of the source and cross 
checking them with treatment plan.  
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Fig. 1 Diagram illustrating reconstruction of source position from two 
lines, connecting images on the detectors and corresponding pinholes. 

Source position S is determined from common perpendicular line. 

A. Pinhole 

The question about pinhole geometry and materials has 
been addressed many times before ([3], [5], [6], [7]). For 
our application 2 cm thick lead shield with interchangeable 
pinhole insert was chosen, as shown in Figure 2. Since 192Ir 
spectrum has many lines with majority in the region above 
350 keV, large pinhole aperture was constructed in order to 
compensate for low detector e ciency for photons of these 
energies. It was determined with simulations that shield 
thickness of 2 cm has su cient stopping power. Knife-edge 
angle was calculated to provide good source image within 
chosen field of view. 

 

Fig. 2 : Cross section of the lead shield with pinhole insert. 

B. Detectors 

There are four silicon pad detectors in the setup, two for 
each pinhole system, resulting in field of view of about 20 × 
20 × 20 cm3 with centre approximately 40 cm away from 
the pinhole. The sensor, processed by SINTEF [8], consists 
of 256 pads arranged in 32 by 8 grid. The pad size is 1.4 x 
1.4 mm2 and detector thickness is 1 mm with p+-n-n+ dop-
ing profile. The sensors have two metal layers. The first 
metal layer covers the pad and is DC coupled to the p+-
doped implant to collect the signal charge, while the second 
metal layer routes the signals to the detector edge, where it 
is bonded to the read-out chips. Figure 3 shows a hybrid 
with the silicon sensor attached to two read-out chips. Sen-

sors are biased in reverse direction with 130 V which is 
slightly above the full depletion voltage. At this bias voltage 
dark current is about 1 nA per pad. 

 

Fig. 3 Photograph of a silicon module. A 1 mm thick, 256-pad silicon  
sensor is bonded to a set of two VATAGP3 1 ASICs. Modules used here 

use components from Compton camera prototype [9].  

The VATAGP3_1 chip, a 128 channel self triggering 
ASIC produced by IDEAS [10], is used to read out the de-
tector signals. Each channel has a pre-amplifier and two 
shapers. Slow shaped signal (VA) has an adjustable shaping 
time of 0.5 - 5 µs to provide a low-noise analog output, 
while fast shaper (TA) has fixed shaping time of 150 ns. 
Fast shaper signal is discriminated to provide monostable 
trigger signal. Since each chip only has 128 channels, two 
such chips are needed to read out all 256 pads of the sensor. 

III. MEASUREMENTSWITH 192IR SOURCE 

Measurements were taken at the Institute of Oncology in 
Ljubljana. Source was standard 192Ir brachytherapy seed 
with nominal activity 1 Ci. Setup of the measurements can 
be seen in Figure 4. Data were taken in so called “serial” 
read-out mode where slow shaped (VA) signal is sampled. 
In this mode analogue information from all 128 channels 
are read out each time fast shaped signal (TA) exceeds 
threshold in one of the channels. About 120 events per sec-
ond can be recorded in this mode. The ASICs can be run 
much faster in “sparse” read-out mode where only the ad-
dress of the triggered channel is sent from the chip. In 
“sparse” mode the read-out rate of about 10000 events per 
second can be achieved. 

578 M. Batič et al.

  
 IFMBE Proceedings Vol. 25  



 

Fig. 4 Afterloading machine with two channels connected to two needles. 
Two one-pinhole setups can bee seen mounted on the support structure. 

With the apparatus geometry and source activity pre-
sented in this work 9000 events per second would be re-
corded in “sparse mode”. Since the information about signal 
height is not needed for this application only information 
about the hit channel is used. This is more than needed for 
accurate determination of the source location. 

 

Fig. 5 Two dimensional histogram of number of events in detector pads 
represents the source self-image through the pinhole.  

The source was moved by afterload machine through the 
catheters placed in di erent locations inside the field of 
view. The distances between di erent dwell locations var-
ied from few millimeters to few centimeters. Figure 5 shows 
a source image as seen through pinholes by sensors. The 
image is represented as 2D histogram of number of events 
in each detector pad. Centers of the histograms are used for 
reconstruction of dwell location. Two dimensional Gauss 
function is fitted to the histogram, and the peak of the Gaus-
sian is used as the coordinate of the image centre. Translat-
ing the coordinates of the image centre to real space adds a 
large systematical o set to the error on image centre in the 
real (set-up) space. It arises from uncertainties in the posi-
tions of the detector. 

Figure 6 shows the dependence of error on image centre 
on number of events in the histogram. It can be seen that 
statistical error improves with number of events but after 

 

Fig. 6 : Image centre error on the detector plane is falling with number of 
events due to statistical error improvement, but it is clearly seen  that 

(systematic) alignment error dominates even at smallest number of events. 

about 4000 events the total error does not improve 
significantly. In “sparse” read-out mode this number of 
events would be collected in sub second time with the 1 Ci 
192Ir source. 

 

Fig. 7 : True and reconstructed 192Ir source dwell position in space. Blue 
(darker) points are true and red (lighter) reconstructed positions. The blue 
lines represent catheters, while red lines just connect reconstructed points. 

It is clearly seen that reconstructed points follow the catheters, but the lines 
might have an o set (due to systematic error of detectors displacements). 

Figure 7 shows reconstructed and real source locations in 
di erent parts of field of view. It should be noted that the 
system was not moved during measurements. It is clearly 
seen that reconstructed points are grouped in lines, corre-
sponding to dwell locations in catheters. The discrepancies 
between real and reconstructed points are caused by impre-
cise placements of system components (detectors and pin-
holes). However, the main goal of this system is not to re-
construct absolute coordinates of source, but to follow the 
movements of source during therapy. So it is much more 
important for the system to be capable to correctly recon-
struct coordinates of source locations relative to nearby 
dwell position. Therefore origin of the coordinate system 

Localization of High Dose Rate 192Ir Source during Brachytherapy Treatment Using Silicon Detectors 579

  
 IFMBE Proceedings Vol. 25  



IV. CONCLUSIONS  

A setup for localization of high dose rate 192Ir source dur-
ing brachytherapy treatment using two pinholes and silicon 
detectors was built and successfully tested with 1 Ci 192Ir 
clinical source. Absolute coordinates of source positions 
could be reconstructed in a volume of 20×20×20 cm3 with a 
precision of about 10 mm. Movements of the source i.e. 
coordinates of source location relative to nearby position 
were reconstructed with accuracy of about 1.5 mm. Similar 
precision was obtained with 192Ir source located inside 
20×20×20 cm3 plexi-glass phantom. We have shown that 
with source self-imaging through two pinholes, using sili-
con detectors as image sensors, the coordinates of 192Ir 
source location can be determined on-line during HDR 
brachytherapy treatment.  

can be set to the first point of treatment and then the source 
is followed relative to the chosen position. 

 

Fig. 8 Reconstructed (red, lighter) and true (blue, darker) source locations. 
Origin of the coordinate system is set to the first measured point. 

Figure 8 shows comparison between true and recon-
structed positions in two closest catheters. Reconstructed 
points can clearly be associated with true locations and the 
assignment of reconstructed point to the catheter is not 
ambiguous. It should be noted that the movement of the 
source from one to another catheter can be followed just by 
observing the read-out rate since the source is pulled to the 
afterloader before entering into next catheter and hence 
read-out rate drops to zero. 
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Abstract―The measurements described here were 
performed in preparation of an electron linear accelerator 
ONCOR Impression (Siemens, Concord, USA) for gated 
irradiation. The gating signal was derived from the system 
based on a pressure sensor belt (AZ-733V, Anzai Medical, 
Tokyo, Japan). In a first series of measurements, the stability 
of the gated beam was studied. For this, dose distributions 
delivered to a phantom at rest in gated as well as in static 
accelerator mode were compared. The duty cycles, field sizes 
and radiation modalities were varied in a wide range. The 
experiments revealed a maximum depth dose deviation (on the 
central beam) of less than 0.8 % and a maximum deviation in 
the lateral dose distribution of 3 %. 

The transient effect during switching on and off the beam 
influences the duration of the irradiation, in particular for 
gated treatment with low duty cycle. This effect is a special 
feature of each accelerator and depends on the radiation 
modality. Therefore, the transient effect of the used 
accelerator was measured and analyzed. A pronounced delay 
between switching on the irradiation and reaching the dose 
equilibrium was found for 6 MV X-rays. 

For periodically moving targets, dose blurring depends on 
the amplitude of the movement and on the duty cycle. The 
latter influences substantially the treatment time, thus it is 
required to find a compromise between precision and duration 
of the irradiation. Using a moving phantom the dose blurring 
was analyzed in dependence on the duty cycle. 

Keywords―respiratory gated radiotherapy, respiratory 
phantom, duty cycle, transient effect. 

I. INTRODUCTION 

The implementation of respiratory gated radiotherapy 
into clinical routine requires accurate measurements and 
tests of the linear accelerator to be performed. It includes 
dosimetric and geometric verifications. For gated 
irradiation, the linac has to be triggered by an external 
signal delivered by a gating system. This allows for setting 
the phase or amplitude of the breathing cycle in which the 
tumor will be irradiated [1]. Gated irradiation can be applied 
in every phase or amplitude of the breathing cycle [2]. By 
the gating technique, the total treatment time for each 

fraction is prolonged in dependence on the duty cycle. 
Gating may also influence the beam stability [2]. Switching 
the beam on the dose rate may be not stable immediately 
and some time may be required to reach the equilibrium 
dose rate value. The effect is called transient phenomenon 
and is specific for every linac. Furthermore, it depends on 
the radiation modality. It influences the duration of gated 
treatment. Moreover, time efficient gated treatment requires 
a compromise between the beam duty cycle and the dose 
blurring in a moving target. In preparation of gated 
treatment, these effects have to be studied quantitatively. 

II. MATERIALS AND METHODS 

The measurements were performed at a Siemens 
ONCOR Impression linear accelerator (Siemens, Concord, 
USA) equipped with the gating option. The gating signal 
was delivered by the Anzai respiratory gating system based 
onto a pressure belt feedback mechanism (AZ-733V, Anzai 
Medical, Tokyo, Japan). Depth dose distributions in a water 
phantom (RW3, PTW, Freiburg, Germany) were measured 
by means of an ionization chamber (0.6 cm3, Farmer, PTW, 
Freiburg, Germany). A linear diode array BMS 96 (Schuster 
Medizinische Systeme GmbH, Forchheim, Germany) in 
combination with a dose build-up plate of PMMA (poly-
methyl methacrylate) was applied to the measurements of 
lateral dose profiles. Moving targets were simulated by 
means of a in-house developed respiratory phantom (Fig. 1). 
It performed periodic movements in two dimensions. 
Depending on the shape of the eccentric disk, the phantom 
modeled different breathing patterns. In this work, cos4 
movement was applied. A motorized eccentric disk moved 
the PMMA plate up and down and transferred its excursion 
via a rope and pulley to a box of PMMA (for electronic 
portal imaging) or a stack of PMMA plates with Kodak 
EDR2 films (for dosimetry). The film densitometry was 
performed by means of a Vidar scanner and the data have 
been evaluated with Scanditronix Accept Pro software. For 
deriving the breathing curve, the belt of the respiratory 
gating system was attached to a small support coupled to the 
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moving plate and then wrapped around the base of the 
phantom. 

 
Fig. 1 Respiratory phantom with the belt and the pressure sensor 

A. Dosimetric Measurements 

As a first step, the stability of the gated beam has been 
studied. For this, dose distributions delivered to the 
phantom at rest in gated as well as in static accelerator 
mode have been compared. The parameters of the gated 
irradiation were set as follows: 

• Radiation modalities: 6 and 15 MV photons and 9 and 
12 MeV electrons; 

• Field sizes: 5 × 5, 10 × 10, 20 × 20 cm2; 
• Respiratory frequencies: 10 and 15 min-1; 
• Duty cycles: 17 % to 81 %; 
• Monitor units: 50, 100 and 200. 

The cosine like breathing curve (Fig. 2) has been delivered 
by the Anzai phantom. 

 
Fig. 2 Respiratory curve with gating threshold (duty cycle 68 %) 

B. Transient Effect 

The transient effect was measured by means of an 
storage oscilloscope recording the gating signal from the 
Anzai system, the analogous dose rate signal delivered by 
the accelerator. 

C. Dose Blurring 

The respiratory phantom for measurements of dose 
distribution and for the geometric verification was used. A 
stack of PMMA plates (14 × 14 cm2) with a film between or 
a 10 × 10 cm2 box of PMMA was placed on the moving 
platform, for dosimetry or geometry verification, 
respectively. The gantry angle was 90˚ and the field size 
was defined in plane of the film or the box. The same set of  
duty cycles and respiratory frequencies as for the previous 
measurements was taken into account. To record the entire 
amplitude of the moving PMMA box the field size was 
approximately 20 × 20 cm2. 

III. RESULTS 

A. Dosimetric Measurements 

As an example for the measurements of lateral dose 
profiles, the results for 6 MV photons are presented (Fig. 3). 

 
Fig. 3 Inplane profiles for 6 MV photons at 15 mm depth and 3 different 
gating regimes for 100 MU 

The maximum deviation between gated and non-gated 
dose profiles has been found to be less than 3 %. 

In Fig. 4, the ratio between the doses on the central axis 
delivered in the gated (Dg) and the non-gated (Dn) regime at 
5 depths (photons) and 3 depths (electrons) for 3 duty 
cycles, 10 × 10 cm2 field, 200 MU is presented. The 
respiratory frequency was set to 15 min-1 for 6 MV photons, 
12 MeV electrons and 15 MV photons; additionally for 
6 MV photons a respiratory frequency of 10 min-1 was set. 
The crossplane and inplane coordinates are denoted by x 
and y, respectively. Maximum deviation was up to 0.8 % in 
comparison to non-gated beams. 

B. Transient Effect 

In contradiction to 15 MV photons and 9 MeV 
electrons, for 6 MV photons a pronounced transient effect 
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was found. A rise time of 250 ms was observed until the 
dose rate signal of the accelerator remained stable. For 
15 MV photons and 9 MeV electrons, the values are 
4.5 ms and 2.3 ms, respectively. In Fig. 5, these results are 
presented. 

 
 

 
 

 
 

 
Fig. 4 Ratio between the doses on the central axis delivered in the gated 
(Dg) and non-gated (Dn) regime at different depths for photons and 
electrons 

 
 

 
 

 
Fig. 5 The dose rate build-up for 6 and 15 MV photons and 9 MeV 
electrons 

C. Dose Blurring 

Results for measurements in the respiratory phantom are 
presented for 6 MV photons and a field size of 5 × 5 cm2. 

In Fig. 6, an example of the dose distribution is shown. 
The origin represented by the cross is marked in exhale 
position. The phantom was moving 2 cm in longitudinal and 
1 cm in vertical direction. Accordingly, the isodoses are 
stretched more horizontally than vertically and a lower dose 
gradient can be seen in this direction. 

The area inside the isodoses has been evaluated (Fig. 7), 
in order to receive quantitative data on the safety margin to 
compensate for target movement. The 0 % means a non-
gated delivery into a static phantom; 100 % means constant, 
non-gated irradiation of the moving phantom. 

The movement of the PMMA box for different duty 
cycles is illustrated in Fig. 8 by means if EPID data. 
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Fig. 6 Isodoses for 5 × 5 cm2 field, 6 MV photons (duty cycle 81 %) 

From Fig. 7 it can be deduced that at the chosen 
movement regime the change of the area inside the isodose 
is rather moderate with increasing the duty cycle from 0 to 
68 % (e.g. 11 % for the 95 % isodose line). Further increase 
of the duty cycle leads to substantial changes of the isodose 
areas (e.g. 21 % for the 95 % isodose line). 

 
Fig. 7 Area inside the isodoses versus different duty cycles. 6 MV, 
5 × 5 cm2 photon field 

   
 

   
Fig. 8 EPI of geometric verification. 4 different duty cycles: 0 %, stable 
(upper left), 63 % (upper right), 68 % (down right) and 81 % (down left) 

IV. DISCUSSION AND CONCLUSIONS 

Systematic studies on the beam stability during gated 
beam delivery for the Siemens Oncor Impression linear 
accelerator show minor deviations with respect to static 
operation. These deviations show no systematic dependence 
on the radiation modality and on the energy, i.e. they have 
to be investigated systematically. A pronounced transient 
effect has been found for 6 MV photons in contradiction to 
the other modalities. 

The different behavior between the energies can be 
explained by the different injection current of the 
accelerator. For 6 MV it is approximately 1300 mA to reach 
the 300 MU/min and only 400 mA for 15 MV to reach 
500 MU/min. It appears evident that it takes longer to raise 
the current to a level of 1300 mA instead of 400 mA. For 
electrons, the injection current is only approx. 20 mA, 
which also explains the instant full dose rate. 

Analyzing the isodose areas in a phantom moved with 
rather large amplitude (2 cm) in a cos4 regime revealed that 
a duty cycle of about 68 % seems to be a reasonable 
compromise between reducing blurring and prolonging 
treatment time by gating. 
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Introduction 
In the traditional external beam radiotherapy, most treatments are delivered with radiation beams 
that are of uniform intensity across the field. This beam when incident on an irregular surface 
gives rise to unacceptable non-uniformity of dose within target volume or causes excessive irra-
diation of sensitive structures1. Many techniques have been devised including the use of wedged 
filters and tissue compensators to modify the intensity profile to produce more uniform composite 
dose distributions. Multileaf Collimator (MLC) also played a vital role in this aspect. In this study 
we explored the feasibility of using Static MLC for the Electronic Tissue Compensation (ETC) 
with In-house leaf sequencing software. In the “stop and shoot” method of achieving beam inten-
sity modulation, a field is divided into a set of subfields each of which are irradiated with uniform 
beam intensity levels. Usually the fluence profile for each beam, provided by the inverse treat-
ment planning software program is normalized into a specified number of intensity levels. The 
leaf sequencing software then generates the multileaf collimator (MLC) leaf position sequence 
required to produce the fluence profile. 
 
Methods and Material 
The Software tool  
A software tool is developed which is capable of generating the leaf position sequence required to 
realise any given fluence profile. This software tool has been designed 1) to create a two-
dimensional fluence profile from any image given as input, 2) to calculate the leaf position se-
quence required for the generation of the created fluence profile and 3) to write a LANTIS RTP 
File for the delivery of the planned leaf sequence. The leaf sequencing algorithm proposed by 
Ping Xia and Lynn J. Verhey which uses the ‘Power-of-two Decomposition’ method is followed 
2.  The flow chart of the program is depicted in Figure 1. Leaf sequencing for a maximum field 
size of 30 cm along the direction of leaf travel and 27 cm across the direction of leaf travel is pos-
sible with this software tool. The step size can be as low as 1mm and as high as 20 mm. The flu-
ence profile can have a minimum of 2 and a maximum of 16 intensity levels.  The software tool 
has been tested with different fluence profiles of varying degrees of complexity. In all the cases 
the delivered fluence profile has been visually compared with the planned fluence. An example is 
shown in Figure 2. 
Electronic Tissue Compensation(ETC)   
The SIEMENS Double Focus Design 58 leaf Multileaf Collimator of PRIMUS Linear Accelerator 
is used. The tissue deficit date are obtained for both wedge shape water filled phatom and also for 
a humanoid wax phantom in the head & neck region using a specially made device which is 
shown in Figure 3. This tissue deficit data is converted into fluence map using an in-house Visual 
Basic 6.0 software. The fluence map created is based on the data of thickness of tissue missing at 
every 1 cm gap across the beam profile. The MU for each beam let is calculated as per the follow-
ing formula. 
MU = (Prescribed Dose at the midplane)/ (Output x Output factor x TMR (d, f.s).  
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Figure 1: Flow-chart–Leaf Sequence Generator pro-
gram.                 
 
                        
 

 
Figure 2: Planned fluence (left) and Delivered fluence 
(right) 

                

       
 
Figure 3: Special device for generating 2 D tissue 
deficit profile 
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Figure 4: Beam profile of uncompensated beam (Ion) 
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Figure 5: Beam profile of compensated beam (Ion)                         

                                                                                                         

                                                                                                           Figure 6: Compensated beam profile (TLD)                                  

Determine: 1) Beamlet dimension. (Leaf width x step size) in 
pixels. 2) Average of colour values of all pixels within each 
beamlet. 3) Colour level step. 
 

Input: 1) Picture 2) Field size 
3) Step size 4) Number of In-
tensity Levels 

Sort beamlets into the determined color levels; assign unique 
colour value to all the beamlets within a particular level. Thus 
creating the Profile 

Module 2:  To generate the MLC leaf position sequence 

Determine: Leaf Position Sequence in accordance with the 
‘Power-of-Two Decomposition’ method and also considering 1) 
mechanical constraint of the MLC leaf and 2) the Interdigitiza-
tion constraint. 

Determine: The position of the Y Jaws during the delivery of 
each segment. 

Module 3:  To write a LANTIS RTP File for the delivery of the 
planned leaf sequence. 

Write the various records of the LANTIS RTP File into a text 
file, during the course of the execution of the program. 

Module 1: To create Fluence Profile from picture. 

Finally read each record, calculate the CRC and append it to the 
end of each record and write it as an RTP File. 
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The MU profile is averaged into desired number of levels and the field segments are determined 
considering the mechanical constraints of the MLC leaves2. Once the fluence map is created, the 
leaf sequencing required to deliver the planned field will be generated by the program and a 
LANTIS RTP file is written for the delivery of the same3. 
Steps involved in ETC 
1. The tissue-deficit data, depth of dose prescription, dose and output are given as input 
2. The program calculates the intensity map and the necessary leaf position sequence 
3. These leaf positions for each segment along with the MU and also other treatment plan parame- 
    ters are written as a LANTIS-RTP file 
4. This file is imported into the LANTIS and can be executed on the SIEMENS primus linear ac- 
    celerator equipped with the 58 leaf MLC  
Dosimetric Verification 
Verification for dose uniformity is performed by ion champer measurements to ensure that the 
dose calculated by this software and that the dose delivered to the step wedge phantom are in 
agreement. These measurements are repeated with the calibrated TLD LiF (Mg,Ti)-N chips of 
size 1 x 3 mm for Humanoid wax phantom. The TLD measurements are read on a commercial 
reader system (Harshaw TLD 3500). The measured doses with ion chamber and TLD are com-
pared with the prescribed dose. Isodose distributions are also obtained by the irradiation of Gaf-
chromic and EDR2 radiographic films kept at the midplane in the phantom. The measured fluence 
in the form of isodose curves are compared with the software calculated isodose curves. The 
Gamma analysis is performed using the commercially available software (VERISOFT) with the 
passing criteria of 3% and 3 mm4.  
 
Results and Discussion 
The software tool has been tested with different fluence profiles of varying degrees of complexity 
and is found to be accurate. In all the cases the delivered fluence profile has been visually com-
pared with the planned fluence profile and is found to match with it as shown in Figure 2. The 
beam profile for the uncompensated beam as well as for the compensated beam generated from 
the ionization measurements are shown in Figure 3 and Figure 5 respectively. The deviation 
measured doses from the calculated one using ion chamber in Step wedge phantom is found to be 
3.6 % .The beam profile for the compensated beam obtained from TLD measuremenrs is shown in 
Figure 6. The deviation in this case is foun to be -5.7%. In both measurements the measured val-
ues are in good agreement with the calculated doses. The small deviation of doses could be fur-
ther reduced by applying divergence & off axis dose corrections. 
The electronic compensation can be made to any site that can be covered by the range of motion 
of the MLC leaves.The use electronic tissue compensator eliminates the need for trays and their 
required tray mount slots in the linac treatment. ETC files are stored in the files on a computer 
disk  where as the physical compensators must be stored in the treatment room. ETC are easy to 
dispose of or archive, making treatment system disk space available for another patient where as 
the recycling the components of a physical compensating filter is much more labor intensive. 
 
Conclusion  
The dosimetric verification of ETC for the static MLC of SIEMENS PRIMUS linac demonstrates 
the feasibility and the accuracy of the in-house leaf sequencing software for achieving uniform 
distribution. The usage of the in-house software for ETC eliminates the need for using physical 
compensators and also the need for the 3 Dimensional Treatment Planning System for the simple 
parallel opposed beams of head & neck regions provided the linear accelerator is connected to the  
network system.  
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The Monte Carlo Code MCPTV- Dose Calculation in Radiation Therapy with 
Carbon Ions
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Abstract—  The  Monte  Carlo  code  MCPTV  is  presented. 
MCPTV  is  designed  for  treatment  planning  in  radiation 
therapy with particles, especially carbon ions. Electromagnetic 
interaction  and  nuclear  interaction  are  implemented. 
Verification  is  done by  comparing  depth  dose  distribution, 
fragment  spectra  and  lateral  distribution  with  published 
experimental data. MCPTV has a voxelbased concept and can 
perform fast  calculation  of  dose  distribution  on  patient  CT 
data. Material and density information from the CT are taken 
into  account.  Furthermore  the  algorithm  gives  information 
about the particle spectra and the energy deposition in each 
voxel.  This  can  be  used  to  calculate  the  relative  biological 
effectiveness (RBE) for each voxel.  

Keywords—  Monte  Carlo,  Dose  Calculation,  Treatment 
Planning, Particle Therapy, RBE 

INTRODUCTION 

The use of carbon ions is a very promising development 
in  radiation  therapy.  The  facilities  that  are  now  built  or 
planned will give the opportunity to treat a large amount of 
patients  with  carbon  ions  in  the  forthcoming  years.  Ad-
equate  treatment  planning  is  an  essential  requirement  for 
treating  patients  successfully.  Therefore  good  algorithms 
will be needed for dose calculation. 

One of the most reliable methods of dose calculation in 
radiation therapy is using Monte Carlo codes. In the case of 
using carbon ions there is the additional task of calculating 
the relative biological effectiveness (RBE). Usually for this 
task particle spectra are needed [1]. Monte Carlo algorithms 
can provide particle spectra and linear energy transfer (LET) 
for each voxel. 

 Already work has been published where established gen-
eral  purpose  Monte  Carlo  codes  are  dealing  with  carbon 
ions  in  radiation  therapy.  Some  of  them  give  very  good 
agreement with experimental data, but these codes are not 
specific for treatment planning. In particular, they are not as 

fast as could be possible. A fast calculation is essential for 
application in clinical  routine.  Therefore the Monte Carlo 
code MCPTV was developed. The name is an abbreviation 
for “Monte  Carlo code for  Particle  Therapy in  Voxel geo-
metry” and of course also in allusion to the term “Planning 
Target Volume”. This indicates that application in clinical 
routine is the aim of MCPTV. Therefore MCPTV is the im-
plementation of  a  fast,  voxel based algorithm where only 
relevant effects for energy deposition respectively dose dis-
tribution are taken into account. 

METHODS

Dose is calculated on patient CT data. For each voxel 
the CT number is used to assign a density and one out of 14 
materials as described in [2]. The material composition is 
based on the chemical elements H, C, N, O, P, Ca. All input 
parameters were calculated for these elements and then for 
the 14 materials and additionally for water. Because of min-
imization of calculation time, input data is used wherever 
possible to avoid time consuming calculations. Transport is 
optimized with respect to voxel geometry and step length is 
in the order of voxel edge length.
The code is intended for primary carbon ions, which can be 
transported up to an energy of 400 AMeV. Because of frag-
mentation, not only the primary carbon ions, but also sec-
ondary particles have to be transported:  boron, beryllium, 
lithium, helium and hydrogen ions. Condensed history tech-
nique with continuous energy loss is used for electromag-
netic interaction. Stopping power respectively energy-range 
relation was calculated with SRIM-2006 [3]. Energy strag-
gling was assumed to be Gaussian shaped. Coulomb Scat-
tering is taken into account according to Molieres theory. 
For nuclear interaction, the total cross sections were calcu-
lated as described in [4] for chemical elements and then for 
all projectile - target material combinations. For generation 
of secondary particles also cross section data is necessary. 
Experimental data indicates that the energy and target ma-
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terial dependence for relative distributions of relevant pro-
jectile fragments are relatively small. Cross sections for re-
actions of carbon ions were taken from [5] for the genera-
tion  of  carbon,  boron,  beryllium  and  lithium  fragments. 
Transversal momentum distribution is assumed to be Gaus-
sian shaped [6]. For helium and hydrogen fragments, data 
from the GEANT4 [7] binary cascade model is combined 
with experimental data from [8]. For fragments also nuclear 
reaction  may  occur.  In  this  case  GEANT4  data  is  used, 
which does not give optimal agreement with experimental 
data,  but  is  acceptable  because  these  are  only  secondary 
processes. 
Not  only  the  physical  dose  distribution  is  important  for 
treatment planning with carbon ions, but also RBE. Calcula-
tion of RBE depends on cell type, particle type, linear en-
ergy transfer (LET) and dose level. The current implementa-
tion  in  MCPTV  is  based  on  the  linear  quadratic  model. 
Mean values for the parameters alpha and beta can be calcu-
lated in each voxel. For this purpose input data is necessary. 
It can be taken from experiments analog to [9] or be gener-
ated by biological models. The most famous one is the local 
effect model, where input data for MCPTV can be generated 
as described in [10]. 

RESULTS 

Depth dose in water for different energies is compared to 
experimental data [11]. The good agreement in the region 
behind the Bragg peak indicates that nuclear interaction is 
adequately  implemented.  Furthermore,  fragment  distribu-
tions are compared with experimental data [12]. The yields 
are in good agreement.  Lateral  and energy distribution at 
different depths for boron, beryllium, lithium, helium and 
hydrogen fragments are also in good agreement. This indic-
ates that lateral scattering and lateral deflection during frag-
mentation are adequately implemented. 

  The main application for MCPTV is dose calculation on 
patient CT data. For clinical workflow, beam parameters can 
be directly imported from the planning system OptiC [13]. 
Dose distribution can then be calculated with MCPTV and 
visualized with OptiC. Differences between the pencil beam 
algorithm in OptiC and MCPTV can be compared for differ-
ent cases.

  Furthermore, with MCPTV the physical dose distribu-
tion can be converted to a biological dose distribution.  This 
corresponds to calculating the RBE for each voxel. It is pos-
sible  for  clinical  cases  with  different  energies  and  beam 

angles, as performed in complex treatments. This calcula-
tion can be done for different biological  input parameters 
and the results can be compared. RBE strongly depends on 
these input parameters.
 

CONCLUSIONS 

The verification shows that reliable calculation of dose dis-
tribution in patients is possible with MCPTV. As dose cal-
culation is fast, it could be performed for patients in clinical 
routine.
 As more patients will be treated with carbon ions in the fu-
ture, an adequate dose calculation becomes more and more 
important.  The most challenging task will probably be the 
biological optimization. Uncertainties for biological effect-
iveness exceed physical uncertainties by far. Further verific-
ation for biological models is necessary. 
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Abstract—PURPOSE: IGRT by daily MVCTs is becoming 
wider used. We analyzed the interfractional variations of 
shape and the impact on dose of the organs at risk (OARs) - i.e. 
parotid glands (PGs) and spinal cord (SC) - in head and neck-
cancer patients.  

PATIENTS AND METHODS: Ten head and neck patients 
were investigated retrospectively. All patients were treated up 
to 50 Gy with helical tomotherapy (HT) (2 Gy/day). Daily 
pretreatment MVCTs were performed. The OARs were all 
delineated by the same physician on the corresponding 
MVCTs for predetermined fractions. The actual delivered 
doses to the PGs and the SC were assessed by using the Tomo-
Therapy PlannedAdaptive® software. The initial dose-volume 
histograms (DVHs) and the recalculated DVHs of the OARs of 
the corresponding fraction were used for the quantitative 
comparison of the cumulative maximum doses of the SC 
(CMaDSC) and the cumulative median doses of the PGs 
(CMeDPG). The interfractional changes of volumes of the PGs 
that received less than 1 Gy and over 1.6 Gy per fraction and 
the volumes of the SC that received more than the expected 
maximum dose were also assessed. 

RESULTS: Overall, the mean decrease of the PG volume 
was estimated to be 0.13 cc per day. There was a significantly 
higher CMeDPG and CMaDSC than initially predicted (mean 
increase for 6 fractions in Gy: 1.13 and 0.49, respectively). 
TheVol<1Gy decreased and the Vol>1.6Gy increased signifi-
cantly with increasing fraction number (mean difference to the 
planning CT: 1.3 cc and 1.1 cc, respectively). 

CONCLUSIONS: The delivered dose to the PG and SC is 
higher than predicted by the PCT DVH data even if daily 
IGRT is performed. 

Keywords—IGRT, organs at risk, parotid glands, MVCT, 
helical tomotherapy. 

I. INTRODUCTION  

The impact of radiation dose on parotid salivary recov-
ery in head and neck cancer patients has become better 
known in the last decade. It is widely acknowledged, that 
fully irradiated parotid glands receiving doses higher than 
60 Gy produce permanent salivary damage without recov-
ery of function. It has also been confirmed that salivary 

flow is reduced dramatically in patients whose parotid 
glands receive doses of 30–50 Gy [1-4]. The optimal dose 
that is allowed to be delivered to the parotid glands to per-
mit a recovery of the salivary function is still in research. 
Data like those of Eisbruch et al. have shown a dependence 
of the mean plan parotid gland dose as high as 26 Gy and 
the salivary recovery in most of the cases [5]. However, the 
dose-volume response relationship data analyzed up to 
date, are based on the initial DVHs of the planning CT 
scan. With the introduction of in room CT imaging, the 
volumetric changes of the patients anatomy during the 
radiation therapy course, have become available for as-
sessment. Some publications had shown significant 
changes during the treatment course. It is thereby sug-
gested, that parotid glands receive a higher radiation dose 
than is predicted by the initial DVH data [6-8].  

Regarding the dose variations in the spinal cord, C. Han 
et. al showed that larger random patient setup errors will 
lead to significant increases of the maximum dose to the 
spinal cord [9] during helical tomotherapy. No data are 
known, what volumes of the spinal cord are affected by the 
increase of the maximum dose. 

In this study we retrospectively investigated the impact 
of interfractional changes of the patient’s anatomy as well 
as the set up uncertainties, as provided by the daily MVCT 
on the dose delivered to the OARs – i.e. parotid glands 
(PGs) and spinal cord (SC).   

II. METHODS AND MATERIALS 

A. Patients Characteristics 

We analyzed a group of ten head and neck cancer pa-
tients that were treated at our institution from October  
2007 to June 2008 with helical tomotherapy (TomoTherapy 
Inc., Madison,WI,USA) for head and neck cancers.  
Two patients received definitive radiotherapy and eight 
patients underwent postoperative, concomitant  
chemo- radiotherapy. Table 1 summarizes the patients’ 
characteristics. 
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Table 1 Patients characteristics 

Pa-
tient 
no. 

Age Gender Tumor site TNM 

1 57 f nasopharynx cT2 cN2c cM0 

2 43 f nasopharynx cT1 cN1 cM0  

3 40 m soft palate pT2(m)pN2c cM0 

4 67 f palate pT4a pN2a cM0 

5 59 m soft palate pT1is pN2a cM0 

6 54 m tonsil pT3 pN1 cMx 

7 55 m tonsil pT3 pN1 cM0 

8 50 m tonsil pT1 pN1 cM0 

9 46 m tonsil pT2 pN2a cM0 

10 63 m tonsil pT2a pN2acMx 

B. Treatment Planning and Delivery 

Before treatment, each patient underwent a planning 
kVCT scan (PCT) (Siemens Somatom, Siemens Inc., Erlan-
gen, Germany) with an axial slice thickness of 5 mm. A two 
layer thermoplastic head and shoulder mask (BrainLAB 
AG, Heimstetten, Germany) was used for immobilization. 
The contouring of the planning target volume (PTV) and the 
OARs was performed on the Oncentra MasterPlan (Nucle-
tron B.V., Veenendaal, The Netherlands). All patients were 
treated five times a week, with daily fractions of 2 Gy. The 
PTV1 for all ten patients encompassed the primary tumor 
region and the bilateral lymph node levels, including the 
supraclavicular lymph nodes. The dose prescription to the 
PTV1 was 50 Gy. The PTV2, for the definitively treated 
patients, was defined as the tumor region and involved 
lymph nodes with a dose prescription up to a cumulative 
dose of 70 Gy. For the postoperatively treated patients, the 
PTV2 was limited to the former tumor site and involved 
lymph nodes, up to cumulative doses of 60 Gy to 64 Gy. 
The objective of the tomotherapy optimization process was 
to deliver the prescribed dose as the median dose to the 
PTV. The medial part of the parotid glands and the PTV 
overlapped in all our patients. Plan optimization was done 
to spare the lateral part of the parotid glands. The treatment 
process at the helical tomotherapy treatment system was 
previously described [10].  

C. Assessment of Treatment Set Up Errors and Dose 
Variations in the OARs  

Daily pretreatment MV-CTs (with a slice thickness of 6 
mm) were automatically registered, by bone and tissue, to 

the planning kV-CT. If necessary, there were manual shifts 
applied to optimize the set up. The set up errors in the lat-
eral (x), vertical (z), longitudinal (y) and roll directions 
were documented. The registration uncertainties, which 
have been shown to be generally less than 1 mm for a head-
and-neck phantom, have not been taken into account [11]. 
We analyzed fractions number 1, 6, 11, 16, 21 and 25. The 
contouring of the regions of interest and the assessment of 
dose variations was carried out by using the PlannedAdap-
tive® software (TomoTherapy Inc., Madison, WI, USA). 
The dose calculation process on the MVCT was described 
elsewhere [10]. The OARs were all delineated by the same 
physician (M.N.D). The original contours used for the plan-
ning kVCTs were utilized for guidance in adapting the ac-
tual contour for the given fraction. For the spinal cord we 
analyzed the maximum dose and the volume of the spinal 
cord that received more than the maximum dose as calcu-
lated on the planning kVCT. For the parotid glands the 
median dose and the volume that received less than 1 Gy 
per fraction, (Vol<1Gy) and more than 1.6 Gy per fraction 
(Vol>1.6Gy) were assessed (Fig.1). The doses for which the 
volumes were analyzed, were chosen with regard to the 
known parotid gland TD 50 with an endpoint of xerostomia 
or stimulated saliva flow rates at different time points re-
duced to < 25% of the pre-radiation therapy rate [12-16]. 
TD50 is the uniform dose given to the entire volume of the 
organ that results in 50% complication risk. Weight and 
body mass index (BMI) were assessed once a week for all 
patients. 

D. Statistical Analysis 

To account for repeated measurements per patient, the 
generalized estimation equation (GEE) approach was used 
to investigate the changes of the volume and of cumulative 
median doses of the parotid glands (CMeDPG) and of cu-
mulative maximum doses of the spinal cord (CMaDSC). 
The cumulative doses are calculated as the sum of the me-
dian doses of the parotid glands and as the sum of the 
maximum doses of the spinal cord, respectively, for the 6 
analyzed fractions. The effects of potential confounding, 
random or explanatory variables such as fraction, parotid 
volume, parotid side (left or right), spinal cord volume and 
BMI change, on the CMeDPG and CMaDSC, were consid-
ered in the GEE model and estimates were reported with 
95% confidence intervals (CI). Level of significance was set 
to 0.05 (two-sided). The statistical analyses were performed 
using SPSS Software for Windows version 16.0 (SPSS Inc., 
Chicago, IL, USA). 
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Fig. 1 Analysis of DVH data for one fraction on the planning CT and 
for the 16th fraction based on the MVCT 
Depicted in (a) are the relative DVHs for the SC and for the PGs. Marked 
with points are the analyzed median doses for the PGs as well as the  
maximum dose for the SC. In (b) are the absolute DVHs for the same 
fraction, the analyzed changes in the absolute volumes, as well as the 
volumes that corresponded to 1 Gy and 1.6 Gy are marked with points.  
Depicted are DVH data of the of the OARs on the planning kVCT (solid 
DVHs) as well as the actual DVHs as calculated on the MVCT (dashed 
DVHs). 

 
Fig. 2 PG changes over time 

Demonstrated are the changes in the volume of the parotid glands over 
time for the analysed fractions for the same patient in the same CT slice. In 
the upper left panel are the PGs for the 1st fraction, while the changed PGs 
for the 25th fraction are at the lower right. There is notable shrinkage and 
shifting of the PGs into the PTV.  

III. RESULTS 

A decrease of the volume of the parotid glands and a 
shifting into the PTV was observed in all patients. Overall, 
the mean decrease of the parotid gland volume was esti-
mated to be 0.13 cc per day (Fig.2).There was no significant 
association between the BMI and the change of volume 
(p=0.105). Significant was the association with increasing 
number of fractions (p<0.001). In the multivariable GEE-
regression analysis adjusted for fraction, side and parotid 
gland volume, the significantly lower values of Vol<1Gy 
were detected on the MVCTs compared to the PCT (mean 
differencein cc: 1.36; 95%CI: 0.44 to 2.28, p=0.004). Fur-
ther, a significant decrease of Vol<1 Gy was noted with 
increasing fraction number (p<0.001). For Vol>1.6Gy there 
was an increase on the MVCTs compared to the PCT (mean 
difference in cc: 1.1; 95%CI: 0.25 to 2.02, p=0.01); with a 
significant increase of Vol>1.6Gy with fraction number, 
(p<0.001). The mean weight and BMI loss at 50 Gy was: 
5.1 kg and 1.85 kg/m2 (females), 5.4 kg and 1.7 kg/m2 

(males). The overall SC mean volume that received more 
than the maximum dose predicted by the planning CT was 
of  0.7 cc (4% of the contoured SC). A significantly higher 
CMeDPG and CMaDSC for the analyzed fractions than for 
the initial predicted cumulative dose was observed 
(CMeDPG - mean difference in Gy 1.13; 95%CI: 0.67 to 
1.58, p<0.001; CMaDSC-mean difference in Gy: 0.49; 
95%CI: 0.19 to 0.79, p=0.001).  

IV. DISCUSSION 

The present study showed no significant association be-
tween the change of volume of the parotid glands and the 
changes of the BMI, consequently the weight loss. Other 
factors, such as the acute response of parotid tissue to radia-
tion, for example acinar cell loss, should be taken into ac-
count. 

Even if the overall mean volume of the spinal cord af-
fected by an increase of the maximum dose was of only 
0.7cc, the regions that are affected by this increase in dose, 
are for most fractions situated at the same levels for the 
same patient. It is not clear, if this segmental increase in 
dose in the spinal cord could play a clinically significant 
role. We observed an overall parotid gland change of  0.13 
cc/day. These changes had an impact on dose of 1.13 Gy 
increase (mean cumulative median dose) per 6 fractions. 
This could interfere with the aim to deliver parotid sparing 
radiation therapy. 

The mean increase in the cumulative maximum dose of 
the spinal cord was of a 0.5 Gy for 6 fractions. In all of our 
tomotherapy plans, an increase of this amount would not be 
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clinically significant, but in plans, that go as high as the 
known tolerance doses of the spinal cord, this should be an 
issue to be taken into account. Even so, all of the data pub-
lished up to date regarding the correlation of parotid gland 
dose and preservation of function, as well as spinal cord 
doses and myelopathies, are based on the initial DVH of the 
planning kVCT. The implication of daily set up uncertain-
ties and soft tissue changes over time was not considered. It 
is therefore probable that the actual tolerance doses of the 
PGs and the SC are higher than stated by analyzing only the 
initial DVH data. New tolerance doses for the OARs for 
IGRT should be researched.  

V. CONCLUSIONS 

Because of soft tissue changes the delivered dose to the 
parotid glands and to the spinal cord is higher than expected 
by analyzing the planning kVCT data, even if daily IGRT is 
performed. New tolerance doses for the OARs for IGRT 
should be researched and adaptive replanning should be taken 
into account to allow an optimal sparing of organs at risk.   
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Abstract– Electron paramagnetic resonance imaging (EPRI) 

dosimetry is an experimental method for performing relative 
dosimetry in brachytherapy at proximal distances from 
radioactive sources, where the dose gradient is steep and 
difficult to measure. This method is based on an EPRI of free 
radicals induced by irradiation in a solid matrix made of a 
radiosensitive material. The goal of this study is to determine 
the relative radial dose distributions for a low dose rate (LDR) 
Iridium-192 wire sources. Ammonium formate (HCO2NH4) 
was chosen as an EPR dosimeter material. It was found to 
have an atomic composition close to tissue (density 1.27 g/cm3). 
The radical signal in irradiated ammonium formate is 
contained in a single narrow EPR line. The linearity of dose 
response and stability of the signal intensity with time were 
verified experimentally. The radial dose distribution was 
measured for distances  between 0.1 and 0.5 cm. Monte Carlo 
(MC) simulation using MCNP4C2 software code was utilized 
as a tool to provide an analytical method against which EPRI 
results can be compared. Furthermore, an additional 
experimental measurements were performed, using 
Gafchromic EBT films. The coincidence between film study 
measurements and MC calculations are within 1%, while 
comparison of EPRI data with other methods show 
discrepancies. Our results suggest that EPRI data can be used 
to determine the relative radial dose distribution at proximal 
distances from a LDR 192Ir wire sources within an 
experimental error. 

Key words– brachytherapy, radial dose distribution, EPRI, 
Iridium-192 wires, EBT films 

 

I. INTRODUCTION 

 
Platinum encapsulated 0.3 mm diameter 192Ir wires have 

been widely used as interstitial sources in a low dose rate 
brachytherapy. Due to the steep dose gradient in the 
millimeters distance range, it is difficult to perform an 
accurate dose measurements in high spatial resolution. It 
leads to a search for improved dosimetry techniques [1].  

Guidelines for dosimetry of brachytherapy sources in the 
cm distance range are presented in a report published by the 
AAPM Radiation Therapy Committee Task Group 43  and 

by the AAPM Task Group 60 (TG-60) in the millimeters 
distance range [2-4]. Analytical Monte Carlo calculations 
provide essential data on dose distribution around such 
clinical sources [5-9].  

 Several dosimetry experiments were performed to obtain 
the dose distribution using ionization chambers of different 
sizes and by use of LiF thermoluminescence dosimeters 
(TLD) [10-12].   

Films also offer a high spatial resolution in a single, 2D-
plane and provide the relative dose information and absolute 
dose measurements when appropriately calibrated [13,14]. 
Gafchromic EBT film has a near-tissue equivalence and 
shows low energy dependence of its sensitivity 
(response/dose). The effective atomic number of EBT film 
(Zeff=6.98) is close to water [15].  

Solid-state dosimetry by means of EPR spectroscopy, 
usually with the amino acid L-α-alanine as a dosimeter has 
been proven for high doses (kGy region) [16,17]. For dose 
determination in high gradient regions there is a need for a 
high spatial resolution. Therefore, a more sensitive material 
than alanine is needed. Ammonium formate material was 
found to have an atomic composition close to tissue (density 
1.27 g/cm3). The radical signal in irradiated ammonium 
formate is contained in a single narrow EPR line [18-20].   

The intensity of the EPR signal is proportional to the 
concentration of free radicals generated by radiation in the 
dosimeter. It is important to know the spatial location of 
these radicals using EPRI method. The first attempt to use 
EPRI dosimetry was applied to alanine irradiated with 
electrons from a 4 MeV linear accelerator [21]. 2D EPRI 
experiments were performed using alanine dosimeters 
irradiated with a 10 MeV electron beam or 10 MeV gamma-
photons [22]. Alanine dosimeters irradiated with beta (β) 
particles to a maximum dose of 6 kGy were examined by 
EPRI.  

Finally, evaluation of the dose distribution was obtained 
using 2D EPRI with lithium formate dosimeters irradiated 
with Iodine-125 (I125) and potassium dithionate dosimeters 
irradiated with C6+ and N7+ Ions [23,24].  

In the present study, EPRI dosimetry has been used to 
investigate the radial dose distributions around a LDR 192Ir 
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brachytherapy wire sources in the millimeters distance 
range. 

 

II. MATERIALS AND METHODS 

 

A. EPRI dosimetry 
 

The phantoms were made of an ammonium formate 
powder pressed into small cylinders with a diameter of 22 
mm and a height of 10 mm using a tablet press (Ateliers 
Courtoy, type AC27, Halle, Belgium, 50 kg/cm2). 
Ammonium formate phantoms were externally irradiated 
using X-ray beam (Philips 250 RT, 250 keV) with a dose-
rate 0.85 Gy/min in the dose range of 25-200 Gy to study 
the linearity of dose response. EPR spectra were collected 
using L-band Elexsys 540 spectrometer operating at 1.1 
GHz and with 100 kHz magnetic field modulation. The 
signal intensity (measured as the peak-to-peak height) in 
EPR spectra reflects the number of stable free radicals 
produced in the irradiated phantoms and provides a 
quantitative measurement of the absorbed dose. All 
measurements were performed with a continuous flow of a 
dry argon gas through the cavity in order to keep the 
samples completely dry.  

For brachytherapy dosimetry one or two holes (0.4 mm 
in diameter) were drilled inside cylinders. 192Ir wire sources 
(BEBIG, GmbH, Berlin, Germany) were inserted for 
irradiation during two weeks. Each wire had an outer 
diameter of 0.3 mm and a length of  1 cm.  

Images were obtained using Bruker L-band Elexsys 540 
EPRI system and L-band EPR cylindrical resonator (ER 
6502 BC, 25 mm diameter). In continuous wave (CW) 
EPRI, the data were acquired in the form of projections, 
which are the absorption signal detected by sweeping the 
main magnetic field in the presence of a linear static 
magnetic field gradient. Applied magnetic field gradient 
250 mT/m was generated by three orthogonal water-cooled 
cylindrical gradient coils. EPRI acquisition parameters were 
as follows: applied modulation frequency of 100 kHz, a 
microwave power of 36 mW, a modulation amplitude of 
0.25. The measured projection is the convolution of the true 
spatial profile of an ammonium formate material and the 
spectral shape function, which is the absorption signal 
measured in the absence of magnetic field gradient. The 
intrinsic line width of used material affects on the image 
resolution. A spectrum with large line width results in 
blurring of the projection data. The effect of image blurring 
can be reversed by deconvolving each projection [25]. 
Spectral deconvolution and filtered back-projection were 
performed using Xepr software package (Bruker, Germany). 

Using the software code, the radial intensity profile from 
each image was extracted. An average radial intensity 
profiles from images were obtained and presented. 

 
B. Gafchromic film dosimetry 

 
EBT films sheets were cut into 2.2x2.2 cm2 squares with 

a small line drawn on along the edge and parallel to the long 
axis of the film sheet. This was done to ensure consistent 
film orientation on the scanner. The calibration data set was 
obtained by exposing  films at following dose levels: 0, 1, 2, 
4, 6 and 8 Gy with a 250 keV X-ray beam using 7x7 cm2 
field size at distance of 33.5 mm. One set of EBT films was 
not irradiated to define a background reading. After 
irradiation EBT films were scanned using a Vidar film 
scanner 2 h after irradiation along portrait direction to allow 
the saturation of color growth, as recommended by the film 
manufacturer and processed using a dosimetry film software 
VXR-16 Dosimetry Pro. The pixel intensity (gray level) of 
exposed films was acquired with the software. Measured 
relative intensity values were plotted as a function of 
absorbed dose. The films were scanned at 7 days to verify 
the post-irradiation color stability with time. 

In order to prevent saturation at short radial distances, 
different irradiation time was employed in the experiment. 
The Gafchromic films were placed between two pieces of 
ammonium formate phantoms of equal size and stacked 
together for different exposure time: 5, 20 and 30 minutes, 
1, 2 and 18 hours, air gap between pieces was avoided. One 
or two holes (0.4 mm in diameter) were drilled inside films 
for insertion of 192Ir wires. The pieces of films were exposed 
sequentially. Each exposure was designed to measure the 
radial dose distribution for distances between 0.1-0.5 cm. 
The exposed films were digitized using a Vidar film scanner 
and analyzed in order to determine the radial dose 
distributions in 0.36 mm steps. The films were always 
digitized in the same orientation and read out at the same 
time as calibration films [26]. Radial dose distributions in the 
vicinity of radioactive sources 192Ir were mapped. Pixel 
values were taken across a radial line profile from the center 
of the source.  

 
C. Monte Carlo calculations 
 

Monte Carlo N-particles transport calculations are 
accepted as the most efficient method of detailed 3D 
geometry in the field of brachytherapy. The general purpose 
Monte Carlo N-particle transport code, MCNP4c2, (Los 
Alamos National laboratory, USA) has been utilized to 
model 192Ir wires with surrounding geometry [27]. The 
simulated sources are 192Ir wires of 1 cm length and 0.3 mm 
in diameter. The central core is 0.1 mm in diameter, 
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composed of about 20% Ir and 80% Pt, encased in a 0.1 mm 
Pt sheath. Radioactive source wire was located in the center 
of the phantom with its long axis coincident with the 
phantom central axes. The 192Ir wires were modeled as 
cylinders: an inner cylindrical core 0.1 mm in diameter 
encased in a 0.1 mm Pt cylindrical sheath with the same 
height. Radial dose distributions were determined by 
placing concentric cylinders about the 192Ir core and Pt 
encapsulation in 0.1 mm radial increments up to the 11 mm 
radius phantom. F6 tallies were used  in order to obtain the 
radial dose determinations. The cutoff energy for photons 
was taken at 10 keV. The 192Ir gamma spectrum used in this 
study was taken from the published data [6]. One-billion 
initial source particles were followed.  

 
RESULTS 

 
An EPR image directly reflects the known shape and the 

size of irradiated phantoms. The color code depicts the dose 
gradient around radioactive wire source, as shown in Fig.1. 

  
      
  
 
 
 
 
 
 
 
 

 
  
 

 
 
 
 

 
 
 

Fig.1 2D EPR image of ammonium formate phantom irradiated by 192Ir 
wire source 

 

  Three 2D EPRI data sets were collected and used to 
numerically analyze the relative dose distributions. The 
dose measurements were made along the axis passing 
through the center of the tablet in 0.25 mm steps. The radial 
intensity profile from each image was extracted and 
normalized at 1 mm from the center of the source. The 192Ir 
wire source and its surrounding phantom were simulated, 
and the dose distributions were calculated for radial 
distances, using MC software code. Radial dose 
distributions were measured, using EBT films in 0.36 mm 
steps, taken across a radial line profile from the center of the 
source. The results from three methods (EPRI data, MC 

calculations and films study measurements) were compared 
and presented in Fig.2. 
 

 

 

 
    

 
 
 
 

       
Fig.2 Radial dose profiles, EPRI data, white boxes, MC calculation, grey 

circles, EBT film results, black small triangles 

 

The radial dose gradient from the source out to 2 mm is 
still steep, it decreases up to 44%, while levels off more 
smoothly from 2 mm to 3 mm up to 28%. The coincidence 
between film study measurements and MC calculations are 
within 1%, but comparison of EPRI data with other methods 
show some discrepancies.  

 

III. DISCUSSION 
 

EPRI dosimetry has been presented as an experimental 
method for relative dosimetry in brachytherapy. The use of 
ammonium formate dosimeters in EPRI provides both long 
term stability of the EPR signal and linearity of response 
over a large range of radiation doses. The two-dimensional 
reconstructions produced an image that is a projection of the 
whole volume of the phantom on planes selected by the 
gradient. The radial dose distribution profile from each 
image was obtained. Monte Carlo simulation using the 
MCNP4C2 software code was used as analytical method to 
derive the radial dose profiles for comparison with obtained 
EPRI data. The dose distributions were also measured, 
using EBT films as an additional experimental method. The 
discrepancies between measured EPRI data and other 
comparable methods were observed. Experimental EPR 
profile presents a different shape due to experimental 
resolution limit. It can be explained as follows. In this 
study, the spatial resolution imposed by the signal line 
width of the material used was approximately 2-2.5 mm, it 
still requires further improvement to achieve a spatial 
resolution within 1 millimeter. It depends on intrinsic line 
width of used material, signal-to-noise ratio, and the 
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effectiveness of the deconvolution procedure, which was 
applied to suppress the effects of system blurring. The 
resolution can be enhanced by using the material with 
narrow spectrum and by applying high gradient strength. 
However, increasing the gradient strength may result to 
broadening the spectrum and lowering the signal intensity.  
One of the possibilities is to improve the postprocessing 
algorithm for enhancing spatial resolution in 2D EPR 
images [28]. 

 

IV. CONCLUSIONS 
 

EPRI data provided a quantitative information about the 
relative radial dose distributions around 192Ir wire sources. 
We concluded that EPRI method with ammonium formate 
allows the relative radiation dose mapping in two 
dimensions at short distances within an experimental error 
of measured data. The perspective of EPRI technique is to  
perform 3D- dosimetry in the millimeters distance range.  
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Abstract— Radiotherapy is a common treatment of medul-
loblastoma carcinoma. Radiotherapy-induced ear injuries 
remain under-evaluated and under-reported. These reactions 
may have acute or late character, may affect all structures of 
the hearing organ, and result sensorineural or mixed hearing 
loss. Thus, reduction in radiation dose to the auditory struc-
tures should be attempted whenever possible. The present 
study describes the technique used in our clinic for the cra-
niospinal irradiation. The doses to different organs at risk are 
evaluated and compared to other techniques found in the 
literature. 

 

Keyword — Medulloblastoma, radiation damage, hearing loss, 
radiation therapy 

I. INTRODUCTION  

Primary central nervous system tumours are the most 
common solid tumours in children. Medulloblastoma    
accounts for approximately 20 % of brain tumours in      
children. The primary age at diagnosis is 4 to 8 years. The 
treatment of these brain tumours has always been compli-
cated by the side effects of the therapy and gains made in 
diagnosis and treatments are often offset by long-term com-
plications of therapy. Radiation therapy and chemotherapy, 
along with surgical resection, are the mainstays of medul-
loblastoma therapy and have many associated side effects 
[1, 2]. Treatment strategies in children with medulloblas-
toma have primarily focused on improving survival out-
come and/or decreasing the late sequelae of treatment. Re-
cent reports of 55 % to 65 % long-term survival in this 
disease entity have highlighted the importance of minimiz-
ing late toxicity of radiation therapy [3]. Due to complex 
anatomy, exposure of non-target organs is unavoidable. Of 
the various radiotherapy-induced toxicities, neurological 
complications and hearing impairment are of particular 
importance. Despite relatively high number of both animal 
and human studies, clear-cut data on the incidence, type and 
severity of radiation-induced ear toxicity are scarce. This 
may partially be explained by differences in doses, fraction 
techniques (single fractions are commonly used in animal 
models), difficulties in definition of the hearing loss and 
other factors [4]. Various treatment approaches have in-

cluded hyper-fractionated radiotherapy, chemotherapy, and 
low-dose craniospinal radiotherapy in standard-risk disease, 
and the use of electrons for spinal fields [5]. The present 
study describes the technique used in our clinic for the cra-
niospinal irradiation. The doses to different organs at risk 
are evaluated and compared to other techniques found in the 
literature.  

It is planed that for future patients, pre- and post-RT 
audiological evaluations by audiometry tests will be done.  

II. MATERIALS AND METHODS 

Five children are selected among the treated patients in 
our clinic in the year 2008 and are evaluated for this study. 

Patients were immobilized in the supine position with 
custom aquaplast masks, and target localization was accom-
plished using CT with 3 mm thickness including the whole 
head and the spinal cord until S2 sacrum. The target vo-
lumes and normal tissue structures were defined using CT 
images, supplemented with fused diagnostic MRI. The 
volumes of interest were identified on each axial CT slice. 

The craniospinal axis which is the planning target vol-
ume (PTV) is separated into two parts. The cranial part of 
the PTV (brain with posterior fossa) is irradiated with two 
lateral fields at gantry position 275° and 95°. The isocenter 
is located at the centre of the brain. The eyes and face are 
shielded with lead blocks. The caudal part of the PTV (spi-
nal axis) is only irradiated with one field from posterior. 
The field junctions between the cranial and caudal fields are 
shifted in the caudal direction after approximately every 10 
Gy by 1.5 to 2 cm to avoid under or over dosage in this 
area. For this purpose, the caudal field border of the lateral 
fields is extended while the isocenter of the posterior field is 
shifted in the caudal direction by the same amount. The 
field divergence of the posterior field is matched by turning 
the collimator of the lateral fields. The junction must not be 
in an area where the posterior field irradiates the lower jaw 
or the lateral fields irradiate through the shoulders. The 
pituitary gland (hypophysis), inner ears, brainstem, thala-
mus, optic chiasm, thyroid gland, optic nerves, eye lens and 
cervical spinal cord are contoured as organs at risk. 
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Craniospinal dose was planned in daily fractions using 6 
MV photons as delivered by a conventional linear accelera-
tor. The total dose to the craniospinal axis ranged from 23.4 
to 40 Gy with subsequent boosts in the posterior fossa. The 
fractionation scheme of patients is between 1.6-1.8 
Gy/fraction. A boost dose of 19.8-30.6 Gy in range of 1.6-
1.8 Gy daily fractions was planned to the posterior cerebral 
fossa. 

III. RESULTS 

Minimum, maximum and mean dose to the posterior 
fossa were calculated and greater than 99.5 % of the target 
volume received 95 % of the prescribed dose. Mean age of 
patients were 9 years old (range of their birthday was 1992-
2003). When the inner ear is maintained in the direction of 
the radiation fields then this organ at risk receives approxi-
mately the same dose as the tumour volume. Minimum, 
maximum, and mean dose to the right and left organ at risks 
were calculated for the standard opposed-lateral plan. Due 
to the symmetry of the problem, the dose distributions be-
tween the right and left parts were essentially equivalent 
and also from the results below, so the organ dose for each 
patient can be calculated as an average between the right 
and the left sides. The dose to organ at risks that are men-
tioned in this study are listed in table 1. 

Table 1: Dose to organ at risks of five patients 

Organ Min (Gy) Max (Gy) Mean (Gy) SD 
Left inner ear 49.58 51.80 50.89 0.65 
Right inner ear 50.43 51.78 50.99 0.43 
Left eye lens 3.10 4.20 3.85 0.33 
Right eye lens 4.20 4.70 4.50 0.09 
Left optic nerve 28.44 29.94 29.36 0.68 
Right optic nerve 28 30.12 29.03 1.68 
Chiasm 31.84 40.14 36.22 3.08 
Brainstem 46.22 55.82 51.69 1.70 
Thalamus 33.48 41.20 37.84 2.28 
Hypophysis 41.08 44.57 42.83 1.57 
Thyroid gland 9.54 19.14 13.84 2.58 
 

IV. DISCUSSIONS  

Radiation-induced sensorineural hearing loss (SNHL) 
has been shown to be a dose related phenomenon with the 
threshold of injury occurring at doses of 50 to 60 Gy [6, 7, 
8, 9]. Thibadoux et al. did not find any hearing loss in chil-
dren receiving 24 Gy of cranial radiation for acute leukemia 
[10]. In a series of nasopharyngeal carcinoma, Grau et al. 
reported a 7 % rate of SNHL with doses less than 50 Gy, 

but this increased to 44 % when the dose was increased 
above 59 Gy [6].  

Although the exact patho-physiologic processes involved 
in post-RT tinnitus are not known, hypoxia/ischemia may 
play an important role in the pathogenesis of tinnitus secon-
dary to SNHL [11]. Peripheral labyrinthine dysfunction 
results in canal paresis, which can dramatically affect qual-
ity of life. Post-RT labyrinthitis and neuritis of the acoustic 
nerve have been attributed to SNHL [12].  

A larger number of patients need to be studied to validate 
the correct results. This knowledge can be applied to create 
guidelines regarding future dose limits to the auditory appa-
ratus for patients undergoing head-and-neck RT.  According 
to our evaluations we are in the region where hearing dam-
ages are to be expected. Therefore a program will be estab-
lished to characterize the hearing damage (in cooperation 
with HörTech, Oldenburg, Germany) as a future work. Also 
techniques for reducing the dose shall be applied. 
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Output measurement for small field photon beams in a sandwiched 
phantom 

R P Srivastava, A M L Olteanu, A N Ebongue, B Bekaert and C De Wagter 

 Department of Radiotherapy, Ghent University Hospital, Gent, Belgium  
  

Abstract— Small field dosimetry is challenging for radio-
therapy dosimetry. We measured output factors for small 
fields with EBT film in polystyrene and sandwiched phantom. 
A comprising a combination of polystyrene and lung equiva-
lent slabs is named Sandwiched phantom. EBT film response is 
in good agreement (within 1.7%) with the diamond detector 
for polystyrene phantom. Due to the density variation between 
the sandwiched phantom layers, the difference between EBT 
and diamond detector responses is significantly larger than for 
the homogeneous polystyrene phantom. 
 
Keywords—Phantom, EBT, Diamond detector, IMRT        
dosimetry.   

I. INTRODUCTION  

The new technical and software developments in radia-
tion delivery have substantially increased the capability of 
use of small fields in radiotherapy techniques as image-
guided radiation therapy (IGRT), tomotherapy, radiosurgery 
(SRS), intensity modulated radiotherapy (IMRT), Gamma 
Knife, and Cyber Knife. Several investigators have worked 
on different aspects of small field dosimetry. Some of the 
dosimetric challenges of these fields are due to a lack of 
charged particle equilibrium (CPE), availability of small 
detectors of sizes smaller than the field dimensions and 
variations of the photon spectrum inducing changes in stop-
ping power ratios. Electronic equilibrium is a phenomenon 
associated with the range of secondary particles and hence 
dependent on the beam energy, the composition of the me-
dium, and particularly the density of the medium. 
Ionization chambers are not always appropriate for small 
field dosimetry because of volume averaging and lack of 
electronic equilibrium which requires a sufficiently large 
region of uniform beam intensity surrounding the detector 
and complicates the use of ionization chambers for the do-
simetry of small photon beams.  
Heydarian et al. recommended the diamond detector, espe-
cially because of its better performance for measuring off 
axis ratios. Martens et al. compared measurements using a 
Markus chamber, PinPoint chamber, and diamond detector. 
One of their findings was that the PinPoint chamber over-
responds to low-energy Compton scattered photons, analo-

gous to radiographic film. This is due to its central steel 
electrode. Despite this, they recommended this chamber for 
output measurements down to 1.5 cm minimum field width. 
McKerracher and Thwaites also tested a variety of different 
detectors and chose the unshielded diode signal to be the 
best estimate for the output at small field sizes. 
Verhaegen et al. conclude from their work that SRS accel-
erator units can be reliably modeled by Monte Carlo (MC) 
simulations with the BEAM/EGS4 MC code. 
In literature survey, there is no general agreement on which 
detector to be used and which corrections should be applied. 
Further-more, some results are contradictory. Results from 
MC simulations and the response of different detectors do 
not yet give a clear view of a standard protocol that should 
be used for small field dosimetry. 
In this study we measured the absolute dose (output) in 
polystyrene and sandwiched phantom with the radiochromic 
film EBT. In low-density medium like the lung, small fields 
are subject to significant perturbations that are energy and 
density dependent. The work has been compared to dia-
mond detector.   

II.  MATERIAL AND METHODS 

Output factors for fields with sizes between 0.8cm x 
0.8cm to 9.6cm x 9.6cm were measured with EBT film 
(International Specialty Products, NJ, USA),   and the dia-
mond detector (Type 60003-9-0002 – PTW-Freiburg).        
EBT film digitization was done using an EPSON 1000 XL 
flatbed scanner (Seiko Epson Corporation, Nagano, Japan). 
The calibration curve (optical density (OD) to dose) was 
obtained by irradiating films of 2 cm x 2 cm perpendicular 
to the central axis to doses of 0, 29, 70, 128, 201, 290, 396 
cGy in a polystyrene phantom at 10 cm depth. A third order 
polynomial fit equation was used to convert optical density 
to dose.  All films used in this experiment were scanned 
before and after irradiation. By subtracting the pre-
irradiation OD from the post irradiation OD, we obtained 
the net OD that was used in for the dose calculation. To 
avoid the effects from the beam electron contamination, the 
experiment was done at 10 cm depth of 6 and 18 MV pho-
ton beam from an Elekta Synergy accelerator (Elekta, Craw-
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ley, UK). Field sizes of 0.8, 1.6, 2.4, 3.2, 4.8 and 9.6 cm 
square (defined at isocenter level) were used for this ex-
periment. Two phantoms were used in this study: polysty-
rene (Polystyrol 495F, BASF, Germany) 30 x 30 x 20 cm3 
phantom of 1-cm thick slabs and a sandwiched lung equiva-
lent phantom, which is further described. The sandwiched 
phantom is a combination of nine polystyrene slabs (1-cm 
thick each) of density 1.02 ± 0.02 g/cm3 positioned above 
and below two slabs (1.2-cm thick each) of lung equivalent 
density 0.3 ± 0.02g/cm3. A constant 100 MU has been de-
livered to EBT film for 6 and 18 MV. All films were from 
the same batch. A diamond detector (diamond disk of thick-
ness 0.32 mm and volume 3-15 mm3) was inserted in a 
dedicated phantom slab so that chamber position was kept 
in the same plane as the film. The diamond detector was 
connected to a Unidos Universal Dosimeter (PTW—
Freiburg) with an applied detector bias of + 100 V.  

 
III. RESULST AND DISCUSSION 

 
The output factors obtained with EBT and diamond de-

tector in polystyrene and sandwiched phantom are shown in 
figure 1 (a) and (b) for 6 and 18 MV photon beams. For 
field sizes less than 2.4cm the output factor drops rapidly.  
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Figure 1 Output measurement with EBT film and dia-
mond detector (a) Polystyrene phantom (b) sandwiched 
phantom 

 
A 1.7% output difference was measured in polystyrene 

phantom between EBT film and diamond measurement at 
0.8cm square field size for 6 MV while this has increased 
up to 14.7% in higher photon energy of 18 MV because 
lateral range of electrons is the critical parameter that influ-
ences the charge particle equilibrium rather than forward 
range of the electrons. Li at al described the lateral range of 
electrons which is energy dependent. Duggan and Coffey 
(1998) explained that lateral electronic equilibrium does not 
exhibit even in the center of the beam when measuring 
small field size (≤3x3 cm2). For the large fields, the material 
and volume dependence of the detector is minimal, as can 
be seen in figure 1 (a) and (b). 

Electronic disequilibrium is a phenomenon associated 
with the range of charged particles and hence dependent on 
the beam energy, the composition of the medium and par-
ticularly the density of the medium. This is the reason why 
we found different trend in the results of our sandwiched 
phantom. We obtained differences up to 34.7% for 6 MV 
and 18.0% for 18 MV but in the in negative direction for 0.8 
cm square field. 

Our study also verified that EBT is nearly energy inde-
pendent for high energy beams. It does provide a planar 
dose maps in small fields that is superior to those from other 
detectors. The accuracy of the small field dosimetry will be 
greatly improved with Monte Carlo simulation by providing 
correction factors for specific detectors and for specific 
measurement conditions (stopping power ratio as function 
of field size and beam energy) [7]. 
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IV. CONCLUSION 

The very good agreement between EBT film and dia-
mond detector proved that EBT can be used for small field 
dosimetry in polystyrene phantoms. The presence of phan-
tom inhomogeneities increases significantly the difference 
between the studied detectors. This uncertainty between two 
detectors has activated us to continue this study. 
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Comparison of Monte Carlo Dose Calculation with Advanced Kernel Methods in 
External Photon Beam Treatment Planning  

I. Fotina, B. Kroupa and D. Georg 

Medical University Vienna/AKH Wien, Div. Medical Radiation Physics, Department of Radiotherapy, Vienna 

Abstract— After successful implementation in commercial 
treatment planning systems (TPS) for high energy electron 
beams, Monte Carlo dose calculation algorithms are becoming 
also commercially available for high energy photon beams. On 
the other hand, advanced kernel based methods are in clinical 
use for many years. The aim of this study was to compare the 
accuracy of both types of dose calculation in phantom studies 
and clinical situations. The treatment planning systems inves-
tigated were Oncentra Masterplan (Nucletron, V3.0) with a 
collapsed cone (CC) convolution algorithm, Eclipse (Varian, 
V8.1), iPlan (BrainLAB, V4.0.0) and  Monaco (CMS, V1.0.2). 
The latter two TPS offer XVMC based Monte Carlo (MC) 
dose calculation. Commissioning of the first three systems was 
performed for an ELEKTA Synergy platform providing 6, 10 
and 18MV beams. The Eclipse system was commissioned for a 
Varian Clinac with 6 and 15 MV. Measurements were per-
formed with a calibrated ionization chamber and radiochrom-
ic EBT type films. Single field test cases and IMRT treatments 
were delivered to an inhomogeneous phantom where cork was 
used to simulate lung. In addition, the calculation was com-
pared in patient geometry using 7 different IMRT cases. More 
specifically, MC generated plans were recalculated with the 
CC algorithm. Dosimetric comparisons included single points, 
and 1D as well as 2D gamma evaluations together with the use 
of independent fluence recalculation software. Absolute dosi-
metry revealed no large differences between MC and advance 
kernel dose calculation. 1D γ-evaluation showed that CC and 
the AAA algorithms were not able to model the penumbra 
broadening, build up and re-build up region behind the polys-
tyrene plate and target as correctly as the MC algorithms. The 
dose calculation accuracy for the IMRT cases in patient geo-
metry was found to be similar for CC and MC. Dose calcula-
tion speed was also assessed in the light of future demands for 
on-line treatment planning. 

Keywords— Monte Carlo, collapsed cone algorithm, AAA 
algorithm, IMRT planning. 

I. INTRODUCTION  

Pencil beam algorithms were considered as the “state-of-
the-art” dose calculation algorithm for a long time, but more 
accurate kernel based methods have been developed more 
than two decades ago. These algorithms are based on a three 
dimensional convolution of a so called point dose kernel, 
that describes the energy released from a primary photon 

interaction and the energy released per unit mass in a voxel. 
These algorithms are commonly classified as superposi-
tion/convolution algorithms and are in clinical use for many 
years. The superior dose calculation accuracy compared to 
PB models, especially in the presence of low density hete-
rogeneities, was demonstrated in a number of studies [1-7]. 
In the present study superposition/convolution algorithms 
will be referred to as advanced kernel methods. In the light 
if IMRT, issues of secondary build up and electron transport 
phenomena in low density regions created some sort of 
general impression that the use of Monte Carlo methods is 
required for clinical dose calculation although advanced 
kernel algorithms have been designed to model these effects 
as well [8-10]. 

 After having been implemented in commercial treatment 
planning systems (TPS) for high energy electron beams, 
Monte Carlo dose calculation algorithms are becoming 
commercially available for high energy photon beams, too. 
These implementations are mainly based on Voxel Monte 
Carlo (VMC for electrons and XVMC for photons) codes 
that were tuned for applications in the clinically used energy 
range [11].  

With the increasing use of complex treatment techniques, 
such as IMRT, treatment planning is becoming more com-
plicated with higher demands on the dose calculation accu-
racy. The use of multiple small segments and the presence 
of tissue heterogeneities implicate additional uncertainties 
of commercially available algorithms. The aim of this study 
is to compare the accuracy of MC based and advanced ker-
nel based dose calculation algorithms as implemented in 
commercial TPS.  

II. MATERIALS AND METHODS 

A. Dose calculation algorithms and TPS 

The following dose calculation algorithms were com-
pared: collapsed cone (CC) convolution algorithm available 
in Oncentra Masterplan (V3.0, Nucletron, The Netherlands), 
XVMC Monte Carlo dose calculation implemented in iPlan 
(V4.0, BrainLAB, Germany) and Monaco (V1.0.0, CMS, 
USA), and  the analytical anisotropic algorithm (AAA) 
implemented in Eclipse (V8.1, Varian, US). The first three 
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TPS are installed at the Department of Radiotherapy, Medi-
cal University Vienna/AKH Wien and were commissioned 
for an ELEKTA Synergy Platform linear accelerator 
(ELEKTA, UK), providing 6, 10 and 18MV beams. The 
Eclipse system is installed in the Kaiser Franz Josef Spital 
in Vienna and was commissioned for 6 and 15MV photon 
beams from a Clinac 2100XCD linac (Varian, US). Both 
linacs are equipped with a standard MLC of 1cm leaf width. 

 All dose calculations for phantom test cases were per-
formed on a 2x2x2 mm³ grid size and a 1% variance was 
employed for Monte Carlo calculations. Patient cases were 
calculated on 2x2x2 mm³ or 4x4x4 mm³ grid with a 3% 
variance for Monte Carlo.  

 
B. Phantom study 

A variety of phantom measurements was performed to 
verify the accuracy of the different dose calculation algo-
rithms. A heterogeneous phantom (see Fig.1) was designed 
for single field tests as well as for IMRT tests in order to 
evaluate the dose calculation in low density regions. It con-
sists of cork placed between four polystyrene plates and 
embeds an irregularly concave target made of polystyrene.  

 
Fig. 1 Schematic representation of the heterogeneous phantom configura-
tion used in this study. Positions of the film, extracted profiles and depth 

dose curves, beam isocenter and virtual OAR (dotted black circle) are 
depicted. 

C. Patient data 

The patient cases were selected from a clinical database 
at the Department of Radiotherapy, Medical University 
Vienna. Structures and plan evaluation parameters were 
identical to the ones used in clinical routine. IMRT cases in 
this study represent a large proportion of the most common 
IMRT treatments in the department. The following cases 
were chosen:   

Head-and-neck: two cases with a 9 beam parotid sparing 
IMRT technique, including a simultaneous integrated boost.   

Prostate: one 7 field IMRT plan for prostate and seminal 
vesicles included in clinical target volume.  

Pleura: 2 patients, 7 field IMRT treatments.  
Pelvis: 1 gynecological patient for 9 field IMRT treat-

ment and 1 anus treatment with 7 field IMRT. 
All IMRT plan calculations were primarily performed 

with MC dose calculation on the TPS Monaco for 10MV. 
All plans were recalculated with the CC algorithm on On-
centra Masterplan. 

The analysis of patient cases included evaluation of the 
dose to target volume and organs at risk, computed by dif-
ferent TPS, 2D gamma evaluation of the dose distributions 
and hybrid plan verification with the independent monitor 
unit verification software (MUV) [12].  

III. RESULTS AND DISCUSSION 

 Single beam tests for square fields were performed in 
the heterogeneous phantom in order to determine and quan-
tify areas of a weakness for each specific algorithm. Results 
of 1D gamma evaluation (2mm and 2% dose difference) for 
profiles and PDDs are shown in the Table 1. The CC and 
the AAA algorithms were not able to model the penumbra 
broadening, build up and re-build up region behind the 
polystyrene plate and target as correctly as the MC algo-
rithms. 

Table 1 Results of the 1D gamma evaluation of the profiles and depth 
dose curves in the heterogeneous phantom (average values for all available 

energies). 

 

 
 The 2D γ-evaluation results of IMRT plans created for 
the heterogeneous phantom (19723 points in ROI) showed 
similar mean γ-values for MC dose calculations compared 
to the advanced kernel algorithms (see Table 2). However, 
there is an important difference concerning the areas with 
large γ-values between the algorithms. For MC dose calcu-
lations γ-values > 1 never appeared in the polystyrene PTV 
whereas they did for the CC and AAA algorithms. For the 

TPS 

10x10 cm 2  field 

X-profiles PDD 

γmean γmax γmean γmax 

OMP CC 0,52 ± 0,40 1,63 0,90 ± 0,74 2,73 

Monaco MC 0,48 ± 0,33 1,32 0,64 ± 0,42 1,86 

iPlan MC 0,45 ± 0,27 1,11 0,50 ± 0,37 1,67 

Eclipse AAA 0,56 ± 0,47 1,73 1,13 ± 0,91 3,21 
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IMRT test case MC shows better agreement between dose 
calculations and measurements in cork and at the interface 
regions between polystyrene and cork. 

Table 2 Results of the 2D gamma evaluation of the IMRT plan in 
heterogeneous phantom. 

 

TPS γ mean γmax y>1 y1% 

OMP CC 0.49 1.92 6% 1.59 

Monaco MC 0.51 1.89 9% 1.55 

iPlan MC 0.54 1.93 11% 1.68 

Eclipse AAA 0.54 1.89 8% 1.56 

 
 As far as the comparison of an IMRT plan primarily 
calculated with an MC dose engine (Monaco) and recalcu-
lated with the CC algorithms is concerned, the following 
results were obtained. For a prescribed PTV dose of 2Gy, 
the minimum and the mean dose in the PTV were both by 
0.05Gy smaller for the CC dose calculation; the maximum 
PTV dose by 0.1Gy. For the virtual OAR in cork, Dmin was 
0.22Gy (MC) vs. 0.17Gy (CC), Dmax was 1.35Gy (MC) vs. 
1.26Gy (CC), and Dmean was 0.87Gy (MC) vs. 0.81Gy (CC). 
2D γ-evaluation was performed in 5 axial planes, with 
25521 points in each region of interest per plane. For all 5 
planes the following average values were observed: 
γmean=0.38, γmax=0.994, γ>1=0.2%, γ1%=0.7. Thus the 
agreement was can be considered as very good. As exam-
ple, Figure 2 illustrates isodose and 2D γ-distribution for a 
dose calculation comparison MC vs CC in heterogeneous 
phantom. 
 Comparisons of the IMRT plans for patient cases be-
tween MC and CC TPS showed following results for the 
dose point comparison: average deviation was 1.54% inside 
the target regions and up to 3.16% for the points in low 
density regions (lung). For the hybrid plan verification 
points along the gantry axis inside the target were evaluated. 
Results show smaller deviation between independent MU 
calculation and CC calculated dose.  
 PTV coverage was similar for all cases with differences 
less than 1%. MC calculated maximum and mean dose 
values for PTV were slightly higher than for the CC algo-
rithm. However, in general the DVH curves were very simi-
lar. The differences for OARs were dose and case depen-
dent. For example, the maximum OAR dose differences 
varied between 2 and 4%, which results in approximately 1-
2 Gy for the whole IMRT treatment. In summary, the values 
obtained for these patient studies confirm the previous re-
sults obtained with the heterogeneous phantom.   
 

 

Fig. 2 Dose and γ-index distribution from the MC vs CC calculated IMRT 
plan. ROI depicted as a yellow square.  

IV. CONCLUSION 

All treatment planning systems investigated in this study 
were able to perform highly accurate dose calculation. 
Commercially available treatment planning systems with 
Monte Carlo algorithm were able to predict doses in hetero-
geneous conditions more accurately, although the differ-
ences compared to advanced kernel algorithms were small. 
This was observed for test cases in a heterogeneous phan-
tom as well as in complex patient geometry. 
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Verification of head & neck IMRT-plans by Monte Carlo simulation 
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Abstract— The case of a patient is presented, who received 
an IMRT radiotherapy for an oropharynx-carcinoma. The 
IMRT plan was simulated with Monte Carlo (VSM/XVMC) on 
the CT-dataset of the patient and compared to the dose 
calculation of the TPS. There is good agreement in the high 
dose area of the target volume and simultaneous there are 
differences up to 10% of the prescribed dose in the low dose 
area and in the organs at risk spine and brainstem. The 
location of the dose differences in the CT-dataset indicates, 
that the individual heterogeneities of the patient play a role in 
the IMRT verification  

Keywords— IMRT, verification, Monte Carlo simulation, head 
& neck, heterogeneity. 

I. INTRODUCTION  

The intensity modulated radiotherapy (IMRT) is state of 
the art of a modern radiotherapy and is widely spread. An 
essential prerequisite for the IMRT planning is the accurate 
and fast dose calculation. To achieve reasonable calculation 
times, approximations in the head models and in the 
algorithms are used. Since IMRT treatment plans are very 
complex, an individual dosimetric verification has to be 
performed. When using an IMRT-QA-phantom the 
individual heterogeneities of the patient are not taken into 
account. An independent dose calculation with Monte Carlo 
simulation offers the option to account for these 
inhomogeneities in the IMRT verification. 

 
A case study is presented in which an IMRT plan of a 

patient with an oropharynx-carcinoma is verified by a 
Monte Carlo simulation. 

II. MATERIALS AND METHODS 

A. IMRT-Plan 

The IMRT-plan for an oropharynx-carcinoma was 
created with the treatment planning system Oncentra 
Masterplan® (v3.1, Nucletron) for an Elekta Synergy linear 
accelerator, equipped with beam modulator®. The plan 
consists of 6MV photons and 9 equally spaced beams (0°, 
40°, 80°, 120°, 160°, 200°, 240°, 280°, 320°) with a total of 
63 segments. The optimisation and dose calculation was 

done with the pencil beam (PB) algorithm. The plan was 
treated in 22 fractions with 2 Gy each, to deliver a total of 
44 Gy. GTV and PTV were given as target volumes and 
spine and brainstem were given as organs at risk. Within the 
maximum field size of the linear accelerator the actual 
segment shapes are defined by the MLC. The leafwidth is 4 
mm at the isocenter plane. In Oncentra Masterplan® version 
3.1 a workaround for the head model was applied to 
simulate the leaf transmission and the “millstone” of the 
accelerator head with virtual jaws of different thickness in 
the head model. The calculations were carried out with jaw 
positions set to the actual field limits.  

 

 
B. Monte Carlo Simulation 

The Monte Carlo Simulation was done with XVMC [3], 
in which the VSM head model [4] was integrated to 
simulate the geometric characteristics of the Synergy – 
accelerator head as well as for the patient-specific field 
parameters. The base data for VSM are based on own 
measurements in air and a depth dose curve in water for a 
reference field. The combination VSM/XVMC was 
commissioned according to ESTRO recommendations [5]. 
Measurements and simulations agree in all cases within the 
ESTRO-recommended tolerance limits. 

For the simulation of the patient plan all relevant plan 
paramters were imported from the DICOM-RT-Plan into 
VSM/XVMC. The calculation grid was set to 128 x 128 
pixels per slice. This gives a voxel size of 3.35mm x 
3.35mm x 4mm. The statistical uncertainty 1σ was set to 
2% of the dose maximum. 

 
C. Analysis 

For dose comparison the PB dose as well as the Monte 
Carlo dose together with the patient CT-dataset was 
imported into CERR [2]. The dose distributions were 
compared using DVHs. Additionally the pixel-by-pixel dose 
differences between PB and Monte Carlo simulation have 
been calculated. 
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III. RESULTS  

 
Analysing the dose distribution in the patient, there are 

good agreements in the DVHs of the PB and the Monte 
Carlo simulated dose distribution in the high-dose-area of 
PTV and GTV. In the organs at risk spine and brainstem it 
is clearly visible, that the PB algorithm systematically 
underestimates the dose compared to the Monte Carlo 
simulation by about 1 Gy (ca. 2.3% of the total dose). 

 

Fig. 1 DVH  
Dose calculation with pencil beam (PB, solid linestyle) and with Monte 

Carlo simulation (MC, dotted linestyle). There are only minor differences 
in the high dose area of PTV and GTV, whereas there are clear differences 

in the low dose area of the organs at risk spine and brainstem. 

The saggital view with the dose difference on the patient 
CT illustrates this finding. In the high dose area of the target 
volume there are only minor differences. Whereas dose 
differences in the magnitude of 10% of the total dose can be 
found in the cranial and the caudal field limiting slice and in 
the vertebral bodies. Dose differences in the magnitude 2 – 
3% of the total dose can be found nearly everywhere in the 
low dose area. Cranial and caudal in the saggital view areas 
with a pronounced dose difference can be found which can 
be associated to calculation artefacts of the TPS head 
model. In the dose profile along the line shown in the 
saggital view it is clearly visible, that the dose decline is 
differently modelled by PB and Monte Carlo. This leads to 
the relatively high dose differences in the field limiting 
slices cranial and caudal of the target volume 

 

Fig. 2 Saggital view of a pixel-by-pixel dose difference between   
pencil beam and Monte Carlo simulation. The colourcode is in [Gy], the 

difference refers to the prescribed dose of 44 Gy. In the PTV there is good 
agreement, whereas in the low dose area are differences up to 10%. 

. 

 

Fig. 3 Linedose profile along the cranio-caudal-line drawn in Fig. 2. Note 
the difference at the field limits.  

Verification of Head and Neck IMRT-Plans by Monte Carlo Simulation 609

  
 IFMBE Proceedings Vol. 25  



 
 

 

Fig. 4  Cranial field limiting transversal slice of a pixel-by-pixel dose 
difference between  pencil beam  and Monte Carlo simulation. The colour 
code is in [Gy], the difference refers to the total dose of 44 Gy. differences 

up to 10% can be found in the highly heterogeneous area. There are 
differences about 2-3% nearly everywhere in this slice.    

 

 
Exemplarily the cranial field limiting transversal slice is 

shown (Fig. 4). Its position correlates with the x-coordinate 
5cm in the line profile above (Fig.3). It shows additionally 
to the different modelling of the field limits in the 
workaround head model the weakness of the pencil beam 
algorithm in highly heterogeneous media, e.g. bone – air - 
intersection and bone - soft-tissue – intersection. 

 
The transversal view (Fig. 5) shows the high dose 

difference in the vertebral body and a dose difference in the 
spine, which also can be found in the DVH. The dose 
difference along the body contour is due to the different 
modelling of the build-up region of the beams entering on 
that side and due to a drawback of the pencil beam 
algorithm at   beams exiting on that side.  

 

 
Fig. 5  Typical  transversal view of a pixel-by-pixel dose difference 

between  pencil beam  and Monte Carlo simulation. The colourcode is in 
[Gy], the difference refers to the totaldose  of  44 Gy. Within the GTV and 
most of the PTV there is good agreement. There are high dose differences 
in the vertebral bodies, and moderate differences nearly everywhere in the 

low-dose-area.  
 
 

IV. DISCUSSION 

It turns out, that the Oncentra Masterplan® head model 
workaround is precise in high dose, but less precise in low 
dose area. The clinical importance of that deviation should 
be further discussed. Meanwhile a final Oncentra 
Masterplan® head model is available and under verification. 
Differences in low dose are not only based on potential head 
model differences, but are additionally due to PB code 
approximations. This effect can be illustrated. The Oncentra 
Masterplan® TPS underestimates the dose to the vertebral 
body in the magnitude of up to 10% of the prescribed dose. 
The spine is located in the vertebral canal and since it is an 
organ at risk, it is mostly spared, so that the segment 
borders are tangentially to the bony vertebral bodies. In this 
situation the lateral dose declension at the segment border 
comes together with the heterogeneity and adds to the 
underestimation of the TPS dose. 
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V. CONCLUSION 

The presented case study shows, that the individual 
patient heterogeneities can influence the dose distribution of 
head & neck considerably. IMRT verifications in a 
homogeneous QA-phantom cannot take into account the 
influence of the heterogeneity. This issue should be kept in 
mind when choosing a method for head neck IMRT 
verification. It could be shown, that Monte Carlo simulation 
is a useful tool for IMRT plan verification in pronounced 
heterogeneous areas. It can be easily applied in clinical 
routine and is much faster than other dosimetric methods. 
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Abstract—In this work the problem of determination of the 
optimal catheter position and source loading in HDR prostate 
brachytherapy is modeled as a Mixed Integer Linear Pro-
gramming (MILP) problem and solved by ILOG CPLEX. The 
results are compared to those of HIPO, a state of the art in-
verse treatment plan optimization algorithm. Given that MILP 
is guaranteed to find the global optimum, it provides the base-
line for the evaluation of HIPO solutions. The quality of 12 
clinical HDR brachytherapy implants for prostate utilizing 
HIPO, for dwell time optimization only, has been compared to 
alternative plans with Linear Programming (LP). All common 
dose-volume indices for the prostate and the organs at risk 
have been considered. Our results demonstrate that in the case 
of dwell time optimization, HIPO delivers high quality plans 
and the differences to the LP solutions are statistically insigni-
ficant (p > 0.05) for all indices examined. In the case of com-
bined catheter position and dwell time optimization, the results 
for 3 clinical cases have been compared. MILP was able to 
deliver the optimal solution only for one simple case and up-
per-lower bounds for the rest. The plans produced by HIPO 
were clinically acceptable, close and clinically equivalent to the 
global optimum or the upper bounds delivered by MILP for all 
3 cases. 

 Keywords— prostate brachytherapy, inverse optimization, 
inverse planning, HIPO, linear programming, 
mixed integer programming. 

I. INTRODUCTION  

One of the aims of inverse planning systems is to guaran-
tee the quality of the plans, independently of the planner’s 
experience. HIPO [2],[3] is a 3D anatomy-based optimiza-
tion algorithm able either to optimize the dose distribution 
(dwell times) or in addition to find an adequate configura-
tion for each application. It is based on a heuristic algorithm 
for the solution of the optimal catheter placement problem, 
while the dwell times are optimized using a quasi-Newton 
algorithm. Due to the nonconvexities and its heuristic na-
ture, it is not guaranteed that HIPO solutions are close to the 
global optimum.  

The aim of our study is to compare the clinically accept-
able solutions that HIPO is able to deliver to the provably 
optimal solutions that LP can provide. Furthermore, the LP 
approach will be evaluated as an alternative to HIPO for the 
clinical practice. 

II. MATERIALS AND METHODS 

A. Mathematical model 

The procedure for the selection of the optimal position 
for each catheter, as well as the optimal time for each dwell 
position, starts with the definition (manually or automatical-
ly by HIPO) of the feasible catheter positions and dwell 
positions. A binary (0-1) variable 

 
is assigned to each 

feasible catheter position (template hole) taking the value 1 
if a catheter is placed in this position and 0 otherwise.  

In this work we use objectives based on the L1 norm to 
penalize doses over or under user defined limits. For the m 
volume of interest (VOI) the objectives are 
 , ∑ Θ , ,  , ∑ Θ , ,  (1) 

 
where   and   are the upper and lower dose limits 
respectively and  is the number of sampling points pro-
duced inside and on the surface of each VOI [1].  
The dose at each of these points is given by: , ∑ ∑                                    (2)  

Where  are the dosimetric kernels describing the dose 
rate at the i-th sampling point from the j-th source dwell 
position within catheter k,   is the number of feasible 
catheter positions,  the number of active source dwell 
positions in the k-th catheter and ∑ .  

For Θ  a common approach [1],[6] is the use of the unit 
step function (Heaviside function) Θ . HIPO is making use 
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of the logistic function Θ 0.5 1 tanh  as a 
smooth approximation to the step function, where  is a 
parameter corresponding to the sharpness of transition. The 
continuous variables of the problem are x x x x =  ,1, … , , 1, … , .The transformation =   has 
been performed to ensure positive dwell times and   de-
notes the dwell time of the i-th dwell position within the k-
th catheter. The decision (binary) variables of the problem 
are bbbb = , 1, … , . Furthermore, a nonlinear ob-
jective, ,  for the restriction of differences between 
the dwell times along each catheter is used, known as mod-
ulation restriction objective. 

Although it is a multi-objective optimization problem 
[1], in the context of this work we focus in a single-
objective approach by combining the multiple objectives 
into a single, aggregate objective function 

 , ∑ ,  + , ,  0        (3) 
 

where  is or  and  the number of the objectives. 
Thus, the problem of optimization of catheter positions 

and dwell times can be formulated as a Mixed Integer Pro-
gramming (MIP) problem [9],[10]: 

 min, ,   0,   g xxxx,bbbb 0,   0,1 ,            (4) 
  
The equality constraint for the binary variables is concern-
ing the number of catheters  that the user decides to use 
in the plan:  ∑ 0   
The inequality constraints are consisting of the upper-lower 
bounds for the (transformed) dwell times:  0     or        (5) 

where the parameter  corresponds to the maximum 
dwell time supported by the afterloader. 
 
B. Solution approaches 

If Θ  and/or nonlinear objectives are used, then (4) turns 
to a Mixed Integer Non Linear Programming problem 
(MINLP) [10]. HIPO is solving this MINLP problem by a 
hybrid approach: A heuristic which combines simulated 
annealing and a scoring method for the binary part and a 
quasi-Newton optimization for the continuous part [2],[3]. 

Taking advantage of the smoothness that Θ  introduces, 
HIPO is implementing L-BFGS [4] which can successfully 
optimize the dwell times for a given catheter set-up. The 
advantage of the L-BFGS in our case is its extremely fast 

convergence rate and the capability of handling non-linear 
objective functions such as the modulation restriction.  

Due to the non-convexity of the continuous part of the 
objective and the heuristic nature of the algorithm, the con-
vergence to the global optimum cannot be guaranteed (ma-
thematically proved).  In order to investigate the numerical 
properties of HIPO, we formulate the MIP (4) as a linear 
one (MILP) by using Θ , dropping the non-linear objective 
( 0) and substituting the entries  in (2) with the 
original variables . In this case any standard LP solver 
can be used. 

We divide our study in two parts: (I) optimization of 
dwell times for a given set up of catheters and (II) optimiza-
tion of the position of catheters and the dwell times. 

HIPO is implemented in Oncentra ProstateTM v3.1 (OcP) 
(Fa. Nucletron B.V., The Netherlands) and this version was 
used for the results presented herein. Furthermore, a LP 
model of the catheter position and dwell time optimization 
problem, as described in (4), was built using the algebraic 
modeling language AMPL [7]. For the evaluation of the 
objectives, the required dosimetric kernels ( ) were ex-
ported from OcP as ASCII files and, subsequently, the 
AMPL model was solved by ILOG CPLEX 11.0 [8].  

II. RESULTS 

C.  Dwell time optimization for given catheter positions 

As the catheter positioning and the dwell time optimiza-
tion can be seen as two disjoint problems, we have fixed the 
catheter positions and optimized solely the dwell times, in 
such a way that the only variables to be decided upon are 
the continuous. LP has been successfully used in the past 
for the dwell time optimization problem [5],[6].  

For our testing purposes, twelve clinical implants for 
HDR Brachytherapy of prostate cancer, as monotherapy for 
low-risk cases, have been selected out of the clinical routine 
in Strahlenklinik Offenbach to cover a wide area of prostate 
volumes, 26-101 cm³. The summary of characteristics of all 
12 implants is given in Table 1. 

All clinical implants have been inverse planned (dwell 
times optimization) using HIPO. For each one of these im-
plants an additional plan using an LP model has been rea-
lized for the purposes of our study. In both cases a standard 
set of optimization parameters was used, without any fur-
ther fine tuning for each case, while the dwell time gradient 
restriction factor of HIPO was set to zero ( 0). The 
dosimetric protocol is listed in Table 2. 

The values of these dosimetric indices, resulted using 
HIPO and LP, have been compared using the student paired 
t-test, two-sided. According to these tests, all differences are 
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found to be statistically not significant (p > 0.05). The re-
sults for the PTV indices are presented in Table 3. Same for 
the differences between the dwell times calculated by HIPO 
and LP, which are statistically insignificant (p > 0.05). Fur-
thermore, the difference in the value of the objective func-
tion between the solutions of HIPO and LP is lower than 
0.5% for each one of the 12 cases, ranging from 0.12% up 
to 0.41%. The mean run time for HIPO is 4.42s (PC CPU 
Intel Core 2 Quad Q6600 2.40GHz) while LP had a mean 
execution time of about 15s. 

Table 1 Summary of the characteristics of the 12 clinical implants of HDR 
brachytherapy of prostate. ASDP: Active Source Dwell Position. 

Case 
No 

Prostate 
(cm³) 

No  
Catheters 

Source  
Step 
(cm) 

No 
ASDPs 

ASDPs  
per cm³ 

# 1 36 14 0.25 197 5.5 
# 2 36 15 0.25 195 5.4 
# 3  101 18 0.25 352 3.5 
# 4  27 14 0.25 183 6.8 
# 5  48 14 0.25 239 5.0 
# 6  26 16 0.25 217 8.3 
# 7  64 18 0.25 309 4.8 
#  8  76 15 0.25 283 3.7 
# 9  38 14 0.25 188 4.9 
# 10  80 18 0.25 313 3.9 
#11  63 16 0.25 259 4.1 
# 12  42 15 0.25 209 5.0 

 Table 2 Clinical Protocol in Offenbach for HDR monotherapy 

Parameter Value 

Reference Dose 11.5 Gy (=100%) 

D90-Prostate ≥ 100 % (= 11.5 Gy) 

V100-Prostate ≥ 90 % 

V150-Prostate ≤ 35 % 

D10 - Urethra ≤ 115 % (= 13.2 Gy) 

D0.1cm³ - Urethra ≤ 120 % (= 13.8 Gy) 

D10 – Rectum  &   D10 – Bladder ≤ 75 % (= 8.6 Gy) 

D0.1cm³ - Rectum  &   D0.1cm³ - Bladder ≤ 80 % (= 9.2 Gy) 

Table 3 Mean values and variance of the dose–volume parameters for 
prostate (PTV) using HIPO (1) and LP (2). 

Parameter  Mean Value (%) Variance (%) P-value 

D90 
(1) 103.6 3.2 

0.696 
(2) 103.3 3.1 

V100 
(1) 93.2 1.8 

0.378 
(2) 92.8 1.9 

V150 
(1) 30.0 3.9 

0.801 
(2) 29.8 5.4 

V200 
(1) 8.8 0.7 

0.990 
(2) 8.8 0.7 

D. Catheter position and dwell time optimization 

The problem of determining catheter positions and dwell 
times can be formulated as a MILP problem (4). In general, 
MILP problems are quite difficult due to their combinatorial 
structure, which implicitly requires one to search among a 
set of solutions whose size grows exponentially with the 
size of the problem. However, once a MILP model is for-
mulated, an exact solver can be applied to find the provably 
optimal solution. 

Although several methods to solve MILP problems were 
proposed and efficient software has been implemented, our 
attempts at solving the full problem reflect the difficulty of 
MILPs: only for small instances (about 25-30 feasible posi-
tions) could we solve the problem to optimality within a 
relatively short amount of time (30 min to 5 hrs), while for 
more realistic, mid-size instances, the solver was not able to 
find an optimal solution in 48 hours of computation. 

In these cases, an MILP solver can be still used to obtain 
estimates, from above and from below, of the optimal solu-
tion. These two estimates, called upper bound and lower 
bound, respectively, give a clear hint of where one stands in 
the optimization process. The lower bound is especially 
useful in assessing the quality of a given solution to the 
problem, and is usually given as output by a general-
purpose MILP solver as CPLEX. Our experiments show 
that for many instances the value found by HIPO is close to 
the optimal solution because it is close to the lower bound 
obtained from the MILP solver. 

A 3 patient study was conducted for the comparison of 
HIPO and MILP. The cases, selected again out of the clini-
cal routine in Strahlenklinik Offenbach, are having a low 
number of feasible catheter positions, so that they can be 
handled by the MILP solver. The summary of characteris-
tics of all 3 implants is given in Table 4. Prostate (PTV), 
urethra, and rectum are considered for the inverse planning 
in all cases. 

However, the MILP solver did not complete the compu-
tations for 2 out of the 3 patients, due to the limitations of 
our hardware and available run time. We have experimented 
with CPLEX on an Intel Xeon 2.33GHz with a time limit of 
48hrs while HIPO runs performed on an Intel Core 2 Quad 
Q6600 2.40GHz. The dosimetric indices for both, HIPO and 
MILP solutions are presented in Table 5. 

In Fig. 1, the configurations delivered by HIPO and 
MILP for Case 1 are presented. The set up of catheters is 
quite similar (12 out of 14 positions are identical) while the 
quality indices are very close (Table 5). However, HIPO 
results were delivered within less than 4 minutes while 
MILP run was stopped after 48hrs giving this result as a 
upper bound with a gap 22.3%. Although 1000 iterations 
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were performed by HIPO, this solution was achieved after 
274 iterations (~1.5min).  

 

 

Fig. 1 Catheter configuration for Case #1. MILP upper bound on the left 
and HIPO solution on the right. 

In Case 2, MILP was able to find the optimal solution. 
HIPO find its best solution after 127 iterations (~1min) and 
had in common 10 out of 13 positions with the global opti-
mum. In Case 3, again MILP was stopped after 48hrs of run 
time, delivering the upper and lower bounds with a gap of 
10.13%. HIPO solution had in common 10 out of 14 posi-
tions with MILP upper bound.  

The dose volume parameters for all 3 cases are presented 
in Table 5. As it is shown, MILP and HIPO solutions are 
practically identical and thus clinically equivalent. 

Table 4 Summary of the characteristics of the 3 plans of HDR 
brachytherapy of prostate used for MILP and HIPO comparison. 

Case 
No 

Prostate 
(cm3) 

Requested No  
of Catheters 

Source  
Step 
(cm) 

No. Feasible 
Positions 

# 1 24 14 0.25 41 
# 2 12 13 0.25 22 
# 3  25 16 0.25 31 

Table 5 Dose–volume parameters using HIPO (1) and MILP (2). 

  PTV Urethra 

Case 
No 

 
 

V100 V150 D90 V115 D10 D0.1cm³ 

# 1 
(1) 93.3 32.5 104.3 24.4 119.3 123.9 

(2) 93.7 32.7 105.1 23.8 119.3 124.3 

# 2 
(1) 90.7 25.1 100.8 4.8 113.4 114.3 

(2) 90.1 26.5 100.1 4.6 113.0 114.1 

# 3  
(1) 92.3 25.3 102.4 3.0 112.6 114.9 
(2) 92.8 24.9 102.5 3.9 112.4 115.7 

III. DISCUSSION 

The optimal catheter placement and dwell time optimiza-
tion problem has been formulated as a Mixed Integer Linear 

Programming problem, modeled using AMPL and solved 
by CPLEX. The results of HIPO for dwell time optimization 
and for simultaneous catheter placement and dwell time 
optimization compared to those of the MILP.  

In the case of fixed catheters, a set of 12 plans was opti-
mized and the differences were found to be statistically 
insignificant (p > 0.05) for all dose volume indices ex-
amined, while the differences in objective function values 
were lower than 0.5%. Thus HIPO was not trapped in local 
minima and LP proved to be an alternative for clinical op-
timization having a run time lower than 15s. 

In the case of combined catheter placement and dwell 
time optimization, a set of 3 plans was inverse planned and 
the MILP was able to deliver the optimal solution only for 
one case. For cases of clinical interest MILP failed to deliv-
er the optimum solution within the maximum runtime of 
48hrs. The dose-volume indices of the plans provided by 
HIPO are not significantly different than those of the plans 
provided as upper bounds or optimal solutions by MILP. 
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Abstract— Advanced high quality radiation therapy tech-
niques such as IMRT require an accurate delivery of precisely 
modulated fluence patterns to the target volume. Intrafrac-
tional motion, however, may considerably deteriorate the 
accuracy of the dose delivery. To compensate for these errors, 
a dynamic real-time capable MLC control system was de-
signed and implemented which compensates during the deli-
very for the motion and deformation of the target volume. 
Specialized algorithms were developed which constantly op-
timize the MLC aperture based on online provided target 
information allowing the sparing of adjacent organs-at-risk 
from additional dose. These algorithms were implemented in a 
dynamic target tracking control system for the Siemens 160 
MLC™. Experiments using different phantom setups were 
performed to assess and quantify the quality of the tracking 
technique. The results showed that 2-dimensional target mo-
tion can be compensated for with the new control system. For 
a clinical IMRT dose distribution, the congruence within 2 % / 
2 mm with a static reference delivery was increased from 
18.75% to 76.79 %. Similar improvements were achieved for 
the delivery of a complete IMRT treatment fraction to a mov-
ing lung phantom. However, the quality of the tracking system 
is limited by the system’s latency times. The experiments 
proved that the tracking concept, the new algorithms and the 
dynamic control system allow to effectively compensate for 
target motion in real-time. It therefore can increase the accu-
racy and the quality of the treatment delivery. 

Keywords— Adaptive Radiotherapy, Tumor Tracking, Dynam-
ic Multileaf Collimator, Motion Management. 

I. INTRODUCTION  

Nowadays, sophisticated radiotherapy techniques such as 
IMRT (Intensity Modulated Radiation Therapy) require the 
accurate and precise delivery of the planned dose distribu-
tion to the target volume. In order to achieve a high confor-
mity of the planned and the irradiated volumes, interfrac-
tional as well as intrafractional target motions and 
deformations have to be taken into account properly. While 
interfractional changes of the anatomy can be accounted for 
during the patient setup, the correct compensation of intra-
fractional motion requires the continuous online adaptation 
of the dose delivery. Intrafractional motion of the target 
volume is often induced by respiratory motion or gastro-
intestinal fluctuations. 

A concept to compensate for target motion is the online 
adaptation of the aperture of a dynamic multileaf collimator 
(MLC). Different theoretical methods using dynamic MLCs 
have been developed and were presented in the literature 
[1]. However, only few approaches are capable to actually 
compensate in real-time for a priori unknown target move-
ments [2-6]. 

The focus of the work presented here is the development 
of a complete real-time capable control system to compen-
sate for arbitrary 2-dimensional target motion and deforma-
tion. The control system contains different new algorithms 
which calculate optimized leaf positions to compensate for 
the changes provided to the system in real-time. In addition, 
it is capable to spare an adjacent organ-at-risk (OAR) from 
dose. The control system uses the online calculated opti-
mized leaf positions to directly control a Siemens 160 
MLC™. Experiments performed with different phantom 
setups allowed to assess the system’s performance and to 
quantify its quality. 

II. MATERIALS AND METHODS 

The newly developed control system contains different 
algorithms to calculate the adaptation of the MLC aperture 
by optimizing the leaf positions. These algorithms, intro-
duced in the following section, are implemented in a real-
time capable control system which is briefly presented in 
the next section. In the last section, the setups used to assess 
the technique are discussed. 

A. Real-time target tracking algorithms 

Field adaptation: The continuous, automatic adaptation 
of the aperture of the treatment field is performed with a 
dynamic sequencer. Continuously analyzing the target in-
formation, the current leaf positions and velocities and other 
external parameters (e.g. gantry angle), the dynamic system 
calculates the optimal leaf positions required to compensate 
for changes of the target volume. In addition, latency times 
which result from the time needed to acquire and report the 
target information as well as processing latencies within the 
MLC control system have to be taken properly into account. 
To compensate for the latencies, a linear filter is employed. 
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Fig. 1: Illustration of the leaf definition with the different 2D tracking 
modes. The leaves (blue lines) cover the target (green solid) either using: 
(a) the interior, (b) the exterior or (c) the variable tracking mode. 

The dynamic algorithm includes three different tracking 
modes as illustrated in Fig. 1: interior, exterior and variable 
tracking which are selected by the user. 

For the interior tracking, the field shape is defined by the 
interior target border so that all surrounding healthy tissue 
can be spared but an underdosage to the target at the border 
occurs. In the exterior tracking mode, the radiation field is 
defined by the outer border of the target so that it is always 
entirely within the radiation field and an overdosage to the 
directly adjacent surrounding tissue is accepted. Employing 
the variable tracking, the leaves are placed in such a way 
that the covered region of the target is weighted against the 
exposed surrounding tissue causing a trade-off between the 
overdosage to the tissue and an underdosage to the target.  

Organ-at-risk: In addition to the target outline, an OAR 
can be included during the calculation of new leaf positions. 
If the target volume overlaps with the OAR in the beam's 
eye view, the sequencer either spares completely the OAR 
on the cost of an underdosage of the temporarily overlap-
ping target regions or is set to percentally weigh the ex-
posed overlap section of the OAR against the covered over-
lap section of the target. 

B. Real-time control system 

System architecture: The tracking control system imports 
the target information from an independent target detection 

device. Based on the real-time information, the optimized 
leaf positions are calculated. These positions are sent to the 
collimator control system of a Siemens 160 MLC™ which 
processes the information to the leaf controller. The actual 
leaf positions and velocities are fed back to the tracking 
control system which uses the information to optimize the 
next leaf positions. 

Control loop: The control system is designed as a mul-
tithreading system. Each task runs independently, but the 
subroutines share a common memory to exchange the in-
formation. The first thread imports the target information. 
This information is used to calculate the optimal leaf posi-
tions by the next thread. The next thread sends the control 
command to the MLC control system while the actual posi-
tions are reported again to another subroutine. For rotational 
therapy, the gantry information can be imported in addition. 

Prediction filter: To compensate for the latency times 
within the control cycle, different prediction filters are in-
cluded. The future target positions are estimated using a 
linear or a 2nd-order prediction filter. 

 
 

C. Experimental setups 

First, feasibility studies were performed with a stand-
alone MLC. To quantify the radiological benefits of the 
newly developed system, experiments were performed with 
dosimetric films mounted on different, movable phantoms. 

The motion of the phantoms was detected independently 
in real-time using linear potentiometers and reported online 
every 100 ms to the control system. In this way, the com-
pensation of unknown target motion in real-time can be 
assessed. 

The measurements were first performed using a static 
target for reference. In a second step, the dose delivery to 
the moving target volume without motion compensation is 
carried out. This is the worst case scenario. However, it 
represents the setup which is commonly encountered in 
radiation therapy. In a third series of measurements, the 
motion of the phantom is compensated for by the new con-
trol system in order to quantify the improvements achieva-
ble with the new tracking technique. 

2D phantom: To simulate arbitrary 2-dimensional 
movements of the target volume, plexiglass plates were 
simultaneously moved in x- and y-direction. On these 
plates, dosimetric films were fixed recording the dose deli-
vered to the moving or to the static reference target. 

Lung phantom: To evaluate the performance for a clini-
cal example, the delivery to a movable lung phantom was 
performed. The phantom consists of numerous slabs made 
out of lung and tissue equivalent materials and a lung tumor 
insert. For this phantom, a clinical IMRT treatment was 
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created and the delivery of an entire dose fraction was 
measured using dosimetric films inserted between the slabs. 
Again, the two dose deliveries, with and without tumor 
tracking, were compared.  

III. RESULTS 

2-dimensional motion: To assess the performance of the 
system, different field setups were used in combination with 
the 2D phantom. Measurements with rectangular fields and 
with step-and-shoot IMRT distributions were performed. 

The results for an IMRT field are shown in Fig. 2. Each 
subfield was irradiated separately and its aperture was 
adapted accordingly in real-time to the target motion, if the 
tracking technique was employed. With the help of the 
tracking system, the original dose distribution can be res-
tored. Only at the edges, deviations occur due to the finite 
resolution resulting from the leaf width. Using the gamma 
index method, the congruence within a 2 % / 2 mm interval 
increases from 18.75 % to 76.79 %. 

 

 

Fig. 2: Measured dose distributions for a step-and-shoot IMRT delivery. 
Each subfield was irradiated separately and adapted in real-time to the 
target motion. (a) The modulated reference distribution as delivered to a 
static target via treatment console. (b) The same fluence pattern is deli-
vered to a moving target. Consequently, the dose distribution does not 
agree anymore with (a). (c) Using the real-time target tracking system, the 
original modulation of the dose distribution is almost achieved. However, 
the edges of the subfields are blurred and therefore the edges are not well 
defined anymore. This is inevitable due to the finite leaf width. 

 

Fig. 3: Measured dose distributions for an IMRT treatment of a lung 
tumor. These figures correspond to a position at the upper end of the tumor 
volume. (a) Reference dose distribution delivered as planned to the static 
target volume. (b) Actual dose delivered to the moving target. The dose 
delivery performed is the same as in (a) except that the target volume is 
moving. Since the target motion shifts the position out of the focus of the 
treatment beam, a significant underdosage is observed. (c) Using the real-
time target tracking method, the motion can be compensated for and the 
entire target volume is covered as initially planned. 

Lung motion: To assess the quality of the tracking system 
for a lung tumor, a lung phantom was employed. It was 
moved in one dimension by a cos4-shaped motion pattern 
with an amplitude of 24 mm and a breathing cycle length of 
approximately 6 s. 

Fig. 3 presents the results measured for a complete clini-
cal IMRT dose delivery. If no tracking is employed, a sig-
nificant underdosage is observed at the target edge which is 
shifted out of the beam’s focus by the respiratory motion. 
Using the tracking control system, the initial dose distribu-
tion is almost precisely restored. 

IV. DISCUSSION 

As expected, the accuracy and the precision are well res-
tored with the help of the new tracking technique. Com-
pared to the delivery without motion compensation, a sig-
nificant improvement is achieved. The control system and 
the implemented optimization algorithms allow to compen-
sate in real-time for the considered motion patterns. 

The experiments with the 2D phantom proved that the 
method is feasible for conformal radiotherapy as well as 
IMRT as illustrated in Fig. 2. The experiments indicated 
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furthermore that a certain deviation from the initial rectan-
gular distributions is inevitable. This is due to the fact that 
the leaves of the employed MLC allow only a finite resolu-
tion of 5 mm. 

The accuracy is additionally restricted by the latency of 
the system which has to be accounted for by using predic-
tion filters. 

V. CONCLUSIONS  

In summary, it can be stated that the developed tumor 
tracking technique has the potential to compensate for target 
motion in real-time. The assessed control system imported 
successfully the target information and adapted the MLC 
aperture online. The experiments performed proved the 
feasibility and allowed the quantification of the benefits of 
the new method.  
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Abstract—A system for visual image guidance in patient set-
up for external-beam radiotherapy procedures was developed 
using augmented reality. The system uses video cameras to 
obtain views of the linear accelerator, and the live images are 
displayed on a monitor in the treatment room. 3D models of 
the patient's external surface, obtained from planning CT 
data, are superimposed onto the treatment couch in the cam-
era images. The real patient can then be aligned with the vir-
tual contour guided by the augmented monitor. 

The system provides an intuitive method for set-up guid-
ance, and allows non-rigid deformations to patient pose to be 
visualized. It also allows changes to patient geometry between 
treatment fractions to become observable. It can remain in 
operation throughout the treatment procedure, so that patient 
motion becomes apparent. Coordinate registration of the sys-
tem is performed using a small cube, which can be aligned 
with the linac isocentre using lasers in the treatment room, or 
by using cone-beam CT alignment. The augmented reality 
tracking software detects planar fiducial tracking markers 
attached to the cube faces, and determines their positions in 
order to perform pose estimation of the 3D models on-screen. 
Experiments with an anthropomorphic human phantom have 
shown that the system can be used to position a rigid-body 
with a translational error of 3 mm, and a rotational error of 
0.11°, 0.22° and 0.23° corresponding to yaw, pitch and roll, 
respectively. 

Keywords—Radiotherapy, augmented reality. patient  
positioning. 

I. INTRODUCTION  

Over the last decade, within the field of radiotherapy 
there has been a strong focus on the development of highly 
conformal dose delivery procedures [1]. Techniques such as 
3DCRT and IMRT are able to deliver regions of high dose 
with steep dose gradients at the edge of target volumes. 
These developments require advanced strategies for patient 
set-up on the linear accelerator to ensure that the regions of 
high dose are delivered to the correct volumes. 

This need led to the development of image-guidance for 
position verification, such as cone-beam CT (CBCT). The 
acquisition of 3-dimensional patient data within the treat-
ment room allows rigid-body corrections to be applied to 

the patient through translations and rotations of the treat-
ment couch. However, the amount of anatomical informa-
tion that has become available with in-room volumetric 
imaging has shown that patient position registration cannot 
always be achieved with rigid-body corrections alone [2]. 

External deformations to patient geometry (such as 
weight loss or swelling) and variations in patient pose are 
encountered frequently in clinical practice. For example, 
incorrectly positioned legs or arms in prostate or breast 
cancer treatments can impact target volume registration and 
affect the treatment plan [3-5]. 

The aim of this work was to use augmented reality to de-
vise a tool for patient pose guidance prior to acquisition of 
CBCT data, so that deformations can be minimized. The 
tool is envisaged to complement current CBCT approaches, 
which only correct for rigid-body transformations.  

Augmented reality is similar to the better-known concept 
of virtual reality, in which the user's vision is completely 
immersed in a virtual world. AR does not, however, replace 
the real environment with a fabricated one. Instead, a live 
view of the real world is obtained and enhanced with the 
addition of virtual objects that appear to coexist with real 
objects in the scene [6, 7]. The virtual objects are usually 
intended to provide additional perceptual information to the 
user that would otherwise be unavailable. AR has enormous 
potential in the medical industry, due to its ability to fuse 
3D scan data with a view of the patient, and can be used to 
provide visual support for treatment and diagnosis [8, 9]. 

II. MATERIALS AND METHODS 

A. System Overview 

The system utilizes AR by acquiring live images of the 
linac and superimposing a virtual representation of the pa-
tient body contour onto the correct position on the treatment 
couch. Figure 1 depicts a brief overview of the system. Live 
views of the treatment couch are obtained with cameras in 
the linac room and are displayed on a nearby monitor (Fig. 
1a). The virtual contour is displayed on-screen (Fig. 1b), 
and acts as a guide for patient alignment (Fig. 1c). 
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(a)   A live view of the treatment couch is displayed on a monitor 

  

 
 

(b)   A virtual representation of the patient contour is superimposed on 
the image, positioned on the treatment couch 

 

 
 

(c)   The patient is placed on the couch and aligned with the virtual  
contour 

 
Fig. 1 Overview of the AR system 

The 3D model which acts as the virtual patient contour is 
obtained from the planning CT, which represents the refer-
ence patient pose that is to be replicated during treatment. 
The body outline in the CT data is contoured in the treat-
ment planning system, and, using MATLAB, the contour 
vertices are extracted from the DICOM RS object [10]. 
These vertices are used to generate a 3D mesh of the pa-
tient’s surface. 

The 3D model is imported into an augmented reality ap-
plication written in the C++ language using OSGART, a 
library that supports the development and prototyping of 
augmented reality applications [11]. The application detects 
black and white planar tracking markers in the camera im-
age, and estimates their positions and orientations relative to 
the camera. From this data, it can calculate the geometric 
transformations that determine the position of the 3D model 
in the image. 

The markers are attached to a cube, which can be aligned 
with the linac isocentre via room lasers or CBCT (Figure 2). 
This provides coordinate registration between the linear 
accelerator and the AR application. The system then uses 
the coordinate system that is established by this process, to 
correctly position the 3D model on the monitor. 

After the “registration cube” is aligned with the isocen-
tre, the tracking capability of the AR program can be dis-
abled, effectively locking the coordinates into place. The 
cube can then be removed and replaced with the patient, 
provided that the camera remains stationary. 

The system can be used with either a single camera and 
monitor, or with two cameras operating simultaneously. The 
latter configuration enhances the user’s perception of the 
spatial relationship between the virtual contour representa-
tion and the real patient. 

 

Fig. 2 The registration cube aligned with linac room lasers 
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B. System Accuracy 

To test the accuracy of the system, an anthropomorphic 
phantom (a RANDO phantom [12]) was used in place of a 
real patient. A CT scan of the phantom was obtained, and a 
contour generated around its external surface. A 3D mesh 
was generated from the contour vertex data, as above. 

The system was set up in a linac bunker with two digital 
video cameras for image acquisition, and a laptop to process 
the geometric transformations involved in the AR pose 
estimation. Both camera images were displayed on the lap-
top screen. This equipment was arranged as shown in Fig. 3. 
Camera 1 was elevated 45° above the treatment couch, and 
camera 2 was level with it. 

 
Fig. 3 AR system equipment layout 

The registration cube was aligned with the linac isocentre 
using room lasers to achieve coordinate registration (Fig. 
4a). The 3D model of the phantom was then displayed, so 
that it was correctly aligned with the isocentre (Fig. 4b), and 
the real phantom (orange) was placed on the treatment 
couch (Fig. 4c). To align the real phantom with the isocen-
tre, the couch was lowered, and the phantom was shifted to 
bring it into spatial alignment with the virtual phantom (Fig. 
4d). Set-up was completed when satisfactory visual agree-
ment between virtual contour and physical phantom was 
obtained. 

A CBCT scan was obtained for position verification of 
the phantom. The CBCT image set was compared to the 
original planning CT, and the two volumes were registered 
in 3D using SPM [13], a software package for MATLAB. 
The translational and rotational parameters that were re-
quired to achieve registration were obtained. 

 
 

(a)   The registration cube aligned with the isocentre 

 

 
 

(b)   The virtual phantom is registered with the isocentre 

 

 
 

(c)   The real phantom is placed on the treatment couch 

 

 
 

(d)   The phantom is aligned with the virtual contour representation. 

Fig. 4 Alignment test with the RANDO phantom 
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III. RESULTS 

The six transformation parameters that described the set-
up error of the phantom are listed in Table 1 

Table 1 Phantom set-up error parameters 

Parameter  Value 

x 
y 
z 

pitch 
roll 
yaw 

 -2.4 mm 
-1.7 mm 
0.7 mm 
-0.19° 
-0.06° 
0.27° 

   

The magnitude of the translational error in the phantom’s 
position was calculated as follows: 

( ) ( )
mm

magnitude
0.3

7.07.14.2 222

=
+−+−=  

This error may have been due in part to a limitation in the 
AR tracking software. However, it is more likely that it was 
caused by an error in the intersection point or the orthogo-
nality of the room lasers. Due to time limitations, the ex-
periment was not repeated using CBCT to position the reg-
istration cube, but it is expected that this method would 
greatly reduce the translational set-up error. 

Nevertheless, given that the system is in its early stages 
of development, the 3 mm translational error was a pleasing 
result. Similarly, the rotational set-up error was small, indi-
cating that the AR tracking software performed pose-
estimation of the 3D model with satisfactory accuracy. 

IV. DISCUSSION  

This system offers a number of advantages for patient 
set-up in radiotherapy which can compliment existing 
methods of image-guidance. Patient set-up errors and non-
rigid deformations become easily observable, and can be 
corrected before a CBCT scan is obtained. It also offers the 
advantage of allowing inter-fractional changes to patient 
geometry to be detected, and can remain in operation 
throughout treatment so that intra-fractional movement can 
be detected. Furthermore, it can be installed without any 
modification to the radiotherapy equipment, and is not inva-
sive to the procedure as a whole. 

Experiments with the RANDO phantom in a clinical en-
vironment have shown that the system can operate with 
sufficient accuracy to be viable for use with real patients. 
However, in future work, the usability of the system will 

also need to be assessed. This will be difficult to evaluate 
quantitatively, so a regime of usability tests will be devised 
to obtain qualitative appraisal of the system. This will in-
volve the participation of a number of staff members at a 
radiotherapy facility, and feedback on subjective issues such 
as the system interface will be sought. 

V. CONCLUSIONS  

The nature of this project has been largely investigative, 
and as a feasibility study it has been particularly successful. 
It has shown that the concept of augmented reality as a tool 
for patient position guidance in external beam radiotherapy 
is entirely viable, and that it can operate with the degree of 
accuracy that is required in this field. 
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ABSTRACT

We present the design and simulation of an imaging system that
employs a compact multiple source x-ray tube to produce a tomosyn-
thesis image from a set of projections obtained at a single tube po-
sition. The electron sources within the tube are realized using cold
cathode carbon nanotube technology. The primary intended appli-
cation is tomosynthesis-based 3D image guidance during external
beam radiation therapy. The tube, which is attached to the gantry
of a medical linear accelerator (linac) immediately below the mul-
tileaf collimator, operates within the voltage range of 80–160 kVp
and contains a total of 52 sources that are arranged in a rectilinear
array. This configuration allows for the acquisition of tomographic
projections from multiple angles without any need to rotate the linac
gantry. The x-ray images are captured by the same amorphous sili-
con flat panel detector employed for portal imaging on contempor-
tary linacs. The field-of-view (FOV) of the system corresponds to
that part of the volume that is sampled by rays from all sources.
The present tube and detector configuration provides an 8 cm×8 cm
FOV in the plane of the linac isocenter when the 40.96 cm×40.96 cm
imaging detector is placed 40 cm from the isocenter. Since this to-
mosynthesis application utilizes the extremities of the detector to
record image detail relating to structures near the isocenter, simul-
taneous treatment and imaging is possible for most clinical cases,
where the treated target is a small region close to the linac isocenter.
The tomosynthesis images are reconstructed using the simultaneous
iterative reconstruction technique (SART), which is accelerated us-
ing a graphics processing unit (GPU). We present details of the sys-
tem design as well as simulated performance of the imaging system
based on reprojections of patient CT images.

1. INTRODUCTION

The use of 3D imaging for pretreatment positioning of external
beam radiation therapy patients is an established element of the
modern treatment workflow. While current image-guided radiother-
apy (IGRT) implementations are effective at reducing errors due to
between treatment-fraction differences in the presentation of patient
anatomy, few techniques address intrafraction motion of patient tis-
sues. In this paper, we present the design of a multiple source x-ray
tube that will obtain 3D images during treatment by means of digital
tomosynthesis (DT).

∗Jonathan S. Maltz is also with the Department of Medical Imaging Tech-
nology, Berkeley Lab, University of California. This work was supported
entirely by Siemens AG Healthcare.

As is the case in conventional tomography, DT images are re-
constructed from multiple projection views of the imaged object.
DT differs in that the projections are acquired over a limited angu-
lar range. Consequently, DT allows the reconstruction of 3D images
that are only partially depth-resolved. The quality of the depth res-
olution obtained is a function of the source trajectory as well as the
frequency content of the imaged object. Objects containing a large
power in high spatial frequency bands (such as gold seed fiducial
markers) are resolved in depth with far greater fidelity that low fre-
quency objects (such as homogeneous tissue). The usefulness of
images acquired by tomosynthesis is thus highly dependent on the
task for which the images are to be employed.

While tomosynthesis has been proposed for IGRT applications
in the past, most implementations have involved pretreatment ac-
quisitions based on arc trajectories. Since a tomosynthesis acquisi-
tion typically requires the rotation of the slow-moving linac gantry
through a range of 15 to 60 degrees of arc, the process of obtaining
the tomosynthesis projection dataset is inconvenient for image guid-
ance during the delivery of a treatment fraction. The proposed design
overcomes this problem by acquiring the equivalent of 44 degrees of
arc while the gantry is stationary.

Owing to the limited clearance available on contemporary med-
ical linacs as well as the limited maximum dimension of electronic
portal imagers, a DT system for radiation therapy applications is re-
quired to be very compact. We ideally wish to acquire images at high
frame rates and even from several sources simultaneously by means
of techniques such as binary and frequency multiplexing [1]. The
ability to replace the standard thermionic emission cathodes of con-
ventional x-ray tubes with a field-emission cold cathode fabricated
from carbon nanotubes enables us to implement a compact high-
speed 52-source tube with a maximum dimension of 56 cm×56 cm
(excluding ion-getter pump) and a height along the beam axis of
12 cm.

This paper begins by describing the chosen design. We then
simulate the DT projections of a patient CT dataset and reconstruct
these using an iterative reconstruction algorithm that is suitable for
reconstructing datasets obtained using this unconventional rectilin-
ear source geometry. We compare the results to the original CT
study, which serves as the “ground truth” reference.

2. METHODS

Figure 1 illustrates the multisource tube attached to the gantry of a
Siemens ARTISTE linac. The tube contains of 52 sources arranged
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Fig. 1. Perspective view of the proposed multisource tube attached
to the gantry of a Siemens ARTISTE linac.

in the rectilinear configuration shown in Figure 2. Each of the 4
source banks contains 13 x-ray sources spaced at 1 cm intervals.
The distance between opposing pairs of banks is 27 cm.

Sources occupy only the central 12 cm of each bank. Ideally,
sources would be distributed along the entire 27 cm span between
opposing anodes. Unfortunately, there are practical difficulties in
designing an exit window to accommodate sources situated near the
corners of the tube. This is a consequence of placing the anodes
close to the center of the tube. Placement of the anodes closer to
the exit window allows more flexibility with regard to source place-
ment, but is problematic in that it is difficult to electrically isolate
these structures from the tube chassis. In order to maximize patient
clearance, the latter is held at ground potential so that the necessity
to provide external insulation is obviated.

The sources lie in a single plane oriented perpendicular to the
central axis of the linac beam, which is situated 42.36 cm from
the linac isocenter and 57.64 cm from the linac focal spot. X-rays
are generated at each focal spot by the interaction of an electron
beam, which originates from a cold cathode composed of carbon
nanotubes [2], with a tungsten anode oriented at 33.6 degrees with
respect to the central axis of the linac beam. Field-emission of elec-
trons at the cathode is controlled by a gate structure which is held
at a potential between 1 and 3 kV above the cathode voltage. Af-
ter passing through the gate, each electron beam enters a focusing
structure which produces a 6 mm × 2 mm rectangular beam.

The tube is designed to project images onto the electronic flat
panel portal image detector of the linac. The tube geometry is opti-
mized for a 40.96 cm×40.96 cm detector at an isocenter-to-detector
distance (ID) of between 30 cm and 45 cm. The focal spot size of
the x-ray source varies as a function of detector position. The anode
angle was chosen to produce high resolution (a small focal spot) near
the projection of the linac isocenter on to the detector.

The anodes are energized using a unipolar high voltage supply
that holds all anodes at a constant voltage. X-ray pulses are gener-
ated by applying pulses to the cathodes. This represents a significant
advantage of carbon nanotube cold cathode technology over conven-
tional thermionic cathodes. Much shorter pulses may be applied and
the emission currents exhibit much faster rise times.

Fig. 2. Schematic diagram illustrating the tomosynthesis geometry
realized when the isocenter-to-detector distance is 40 cm. The geom-
etry is shown in a plane parallel-to and between two opposing anode
arrays. At the isocentric plane z=0, an area of 7.96 cm × 7.96 cm is
fully irradiated by all 52 sources. This is defined as the field-of-view
of the system. The maximum linac treatment field size at isocen-
ter, when the tube is in place is approximately 24 cm ×24 cm. The
placement of the flat panel imaging detector is typical of that used
for megavoltage portal and cone beam CT imaging.

The imaging geometry shown in Figure 2 illustrates the chosen
design. The limited size of the flat panel and the large diameter of
the linac head necessitates placement of the tube below the MLC.
The base of the MLC extends to within approximately 48 cm of the
linac isocenter. The minimum diameter of the tube enclosure must
be such that the high voltage anode structures, which reside close
to the tube center, are sufficiently isolated from the grounded outer
housing. This necessitates selection of a tube radius of at least 5 cm
in order to insulate the 160 kVp maximum acceleration voltage. As a
consequence, the maximum practical source-plane-to-isocenter dis-
tance is SI=42.36 cm. Accepting these constraints, the between-
opposing-anode spacing needed to achieve a FOV of 8 cm×8 cm is
approximately 27 cm.

3. SIMULATION

In order to determine the nature of the images yielded by the pro-
posed imaging system we simulate its performance by reprojecting
a patient CT dataset according to the source-detector geometry and
then reconstructing these projections.

The patient CT is acquired within the energy range of 120–
130 kVp. CT voxels are classified as either air, lung tissue, soft
tissue or bone according to the Hounsfield unit values within the
CT datasets, The material properties of each of these mixtures is
obtained from the NIST online database of x-ray attenuation coeffi-
cients [3]. The HU values in the original dataset are used to assign
a density value to each voxel by means of linear interpolation. This
calculation is based on the assumption that the mean HU value for
a particular material (according to the curve used to classify the tis-
sues) corresponds to the density as reported in the NIST tables.

The photon beams of the multisource tube are modeled as having
energy spectra identical to the 121 kVp beam spectrum of a standard
tungsten-target rotating anode tube [4]. The spectrum is split into
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10 energy bins of equal width. For each CT dataset, 10 voxel arrays
are calculated that contain the attenuation coefficients appropriate
for each energy bin in the spectrum. The attenuation coefficients are
scaled by the density correction factors based on the interpolation
described above.

The image formation model must also account for the energy-
dependent response φd(E) of the imaging detector. Let φd

n represent
the value of this response for energy bin n. For a ray traveling along
path Γ, the intensity projection value thus calculated is an estimate of
the exact ray integral p =

PN
n=1 φb

n φd
n exp

h
−R

Γ
Vn(x, y, z)dΓ

i
,

where φb
n is the relative frequency of photons in spectral energy bin

n scaled so that
PN

n=1 φb
n φd

n =1. Vn is the density-weighted atten-
uation coefficient distribution over the 3D CT volume for energy bin
n. The calculation of φd

n using Monte Carlo methods is described in
detail in [4].

The finite focal spot size of each source is modeled by averaging
5 projections respectively produced from each of 5 separate foci.
The latter correspond to the four corner points and centroid of each
rectangular focal spot.The underlying assumption is that the focal
spot receives uniform electron fluence, which is a design objective.

The influence of scatter is modeled by first converting each in-
tensity projection into a water-equivalent thickness map. An ap-
proximate scatter distribution is then synthesized by superposing
Monte Carlo-generated kernels indexed by these thickness values
and scaled by the intensity of the primary radiation. This procedure
is described in detail in [4].

We generated projections from a datasets corresponding to
a CT studies of the upper abdomen. The voxel size in the CT
study is 0.95×0.95×0.80 mm and the voxel array dimension is
512×512×212. The tomosynthesis projections of 512×512 pix-
els are reconstructed on a 256×204×204 voxel array with voxel
dimensions of 1.95×1.95×1.95 mm.

4. SIMULATION RESULTS

Figure 3 contains the results of the simulations. Slices of the origi-
nal CT are compared to planar projections and tomosynthesis recon-
structions. The extent of the system FOV is represented as a bound-
ing box in CT slices and by an absence of pink shading in the slices
of the DT reconstructions. Planar projections are taken along the
central axis of the linac beam and are scaled in terms of magnifica-
tion for an imaginary detector placed at the isocenter. The intensity
of these projections represents the inverse of the transmission of the
x-ray beam.

5. DISCUSSION

We have presented the design of a multisource tomosynthesis system
for patient setup and motion management in external beam radiation
therapy.

As is evident from the simulation results presented in Section 4,
DT images obtained using the system presented in this paper offer
much higher contrast between structures than projection images, but
generally exhibit inferior contrast to CT images. This is because the
effective slice thickness of the reconstruction is, in general, larger
than for CT reconstructions.

A prototype of the system presented here is currently under con-
struction at XinRay Systems LLC and the Components and Vac-
uum Technology division of Siemens AG Healthcare Sector, and is
scheduled for completion in mid-2009. The initial system will be
capable of acquiring 52 sequential images of 0.5 mAs each within
5 s. An amorphous silicon flat panel detector (XRD1621-AN, Perkin

Elmer Optoelectronics, Inc., Santa Clara, CA.), which is also suit-
able for megavoltage imaging of the treatment beam, will be em-
ployed to record the 1024×1024 pixel projections at a rate of 30
frames per second. Image reconstruction, which requires four itera-
tions of the simultaneous algebraic reconstruction technique (SART)
[5], requires a further 7 s when implemented using a graphics pro-
cessing unit (GeForce 8800GT, NVIDIA Corp., Santa Clara, CA.).
The forward projection operations are implemented using the 3D
raycasting function of the graphics processing unit, while the ac-
celerated backprojection is realized as described in [6].

Our intention is to evaluate the prototype by imaging human sub-
jects during radiation therapy. We are currently implementing snap-
shot modes that allow the operator to obtain images of a patient dur-
ing treatment, with and without suspending application of the mega-
voltage beam. An advantage of the DT imaging system geometry
is that the multi-element source projects the isocenter to the edges
of the detector. This allow simultaneous portal and DT imaging. In
a second mode, an image is acquired automatically as soon as the
linac gantry has reached the position specified for the delivery of the
next treatment beam. The image obtained is then compared to a syn-
thetic DT image derived from the planning CT (shifted by the cur-
rent patient position setup adjustment), in room pretreatment CT or
pretreatment cone beam CT. The application provides the user with
a depth-resolved beam’s-eye-view image overlaid with the shape of
the treatment field. This up-to-date image can be used to lower the
probability of treating a target that has moved unexpectedly during
treatment, or of irradiating an organ-at-risk that has moved into the
treatment field.

6. REFERENCES

[1] D. Lalush, E. Quan, R. Rajaram, J. Zhang, J. Lu, and O. Zhou,
“Tomosynthesis reconstruction from multi-beam x-ray sources,”
Biomedical Imaging: Nano to Macro, 2006. 3rd IEEE Interna-
tional Symposium on, pp. 1180–1183, April 2006.

[2] Z. Liu, G. Yang, Y. Z. Lee, D. Bordelon, J. Lu, and
O. Zhou, “Carbon nanotube based microfocus field emission
x-ray source for microcomputed tomography,” Applied Physics
Letters, vol. 89, no. 10, p. 103111, 2006.

[3] J. Hubbell and S. Seltzer, “Tables of x-ray mass attenuation
coefficients and mass energy-absorption coefficients (version
1.4),” [Online] Available: http://physics.nist.gov/xaamdi [2008,
September 16]., 2004.

[4] J. S. Maltz, B. Gangadharan, S. Bose, D. Hristov, B. Faddegon,
A. Paidi, and A. Bani-Hashemi, “Algorithm for x-ray scatter,
beam-hardening and beam profile correction in diagnostic (kilo-
voltage) and treatment (megavoltage) cone beam CT.” IEEE
Transactions on Medical Imaging, vol. 27, no. 12, pp. 1791–
1810, 2008.

[5] A. H. Andersen and A. C. Kak, “Simultaneous algebraic recon-
struction technique (SART): A superior implementation of the
ART algorithm,” Ultrasonic Imaging, vol. 6, no. 1, pp. 81–94,
1984.

[6] F. Xu and K. Mueller, “Real-time 3D computed tomographic
reconstruction using commodity graphics hardware,” Physics in
Medicine and Biology, vol. 52, no. 12, pp. 3405–3419, 2007.

626 J.S. Maltz et al.

  
 IFMBE Proceedings Vol. 25  



Fig. 3. Simulation results. The images in Columns 1 and 2 (at Rows 3 and 5) are DT reconstructions for a tomosynthesis imaging geometries
for which ID=30 cm and ID=40 cm, respectively. Column 2 also differs from Column 1 (at Rows 1, 3 and 5) in that scatter is added to
the projection images. Row 1 contains planar projections at a magnification consistent with that achieved by an imaginary detector at the
isocenter. Intensity is scaled in dimensionless units of inverse transmission. The reference CT slices in Rows 2 and 4 are located at the same
depth values as the respective DT slices in Row 3 (z = −1 cm) and Row 5 (z =10 cm). The extent of the system FOV is demarcated using a
bounding box in Rows 2 and 4. Regions external to the FOV are shaded pink in Rows 3 and 5.
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Abstract—The magnitude of the error in dose calculation 
using a commercial treatment planning system (TPS) without 
correction for tissue heterogeneity was assessed. A CIRS Tho-
rax anthropomorphic phantom was used for the study. The 
phantom was CT scanned, treatment planned and treated with 
10 MV photon beams. Dose at points of interested in the phan-
tom was measured and compared with TPS calculation. Sig-
nificant discrepancies of up to 8% between calculated and 
measured doses were observed. The results of our experiment 
indicate that treatment planning with TPS without correction 
for tissue heterogeneity should be avoided.   

Keywords—TPS errors, heterogeneity effects, ionization 
chamber measurement. 

I. INTRODUCTION 

ICRU [1] recommends that the dose variation within the 
Planning Target Volume be kept to within 7% to -5%. 
ICRU also recommends that the dose to the target should 
have an accuracy of 5%. To follow this recommendation, all 
step in treatment planning like dose calculation, patient 
alignment, and output calibration should have inaccuracy 
less than 5%. So dose calculation should have an accurate in 
the range of   2 - 3% [2].  

Standard commercial treatment planning systems (TPSs) 
for high-energy photon radiotherapy often fail in calculating 
accurately the dose distributions in the presence of hetero-
geneities. TPS built-in ‘classical’ heterogeneity correction 
algorithms usually do not comply with the recommended 
acceptability criteria of a ± 3% difference between delivered 
and calculated doses. In previous works, some authors have 
studied the effect of low-density materials, such as cork, 
when broad beams [3, 4] are used, and as has been pointed 
out by the AAPM report [5], TPS calculated values could be 
inaccurate in low-density materials. 

Within this context, the aim of this study is to evaluate 
the performance treatment planning system without hetero-
geneity correction for conventional planning. The  

experiment was evaluated by using a CIRS Thorax anthro-
pomorphic phantom. Dosimetry measurements were made 
using a farmer ionization chamber.  

II. METHODS 

The experiments were performed using a liniear 
accelerator (Varian Clinac 2100C, Palo Alto, USA). 
Treatment planning were done using a PLATO system 
(version IRIX 5.3, Nucletron, Netherland).  Treatment 
planning, dose delivery and measurement were done on a 
CIRS Thorax phantom model 002LFC. 

The CIRS Thorax phantom is designed from tissue, lung 
and bone equivalent materials and provide chamber holder 
acssesoris. Anterior and lateral markers were attached to the 
phantom when it was scanned using a Systec Sri CT scan 
machine and image was produced in laser printer. Then, the 
image was scanned using a Vidar VXR-12 Plus scan system 
that is connected to the Plato planning system. Transfer of 
image from Vidar scanner to Plato system  need the scale of 
image to ensure the accuracy of phantom dimension in the 
TPS. The phantom image transferred to the TPS was 
assigned a uniform unit density without inhomogeneity 
correction.  

The planning were done using 10 MV x-ray beams with 
source axis distance 100 cm and  filed size 15 x 15 cm2 with 
anterio-posterior (AP/PA) and medio-lateral (ML/LM) 
fields set up with SAD techniques. The field size of 15 x 15 
cm2 was chosen to cover all measurement points. The 
planning was executed at dose of 100 cGy and 200 cGy at 
target point for single beam and oposite anterio-posterior 
(AP/PA) or oblique medial lateral (ML/LM) techniques 
respectively.  The  anterior-posterior measurements was 
done at source skin distance (SSD) of 89.2 cm at gantry of 0 
degree. The SSD of oblique medial lateral was set up at 
89.8 cm at gantry of 0 degree and medio lateral position at 
30 and 210 degree. The monitor unit (MU) for each 
treatment beam was calculated for each treatment technique 
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and the dose received at all measurement points (tissue, 
bone, and lung) were also determined for comparison with 
measurement. 

The phantom was irradiated according to the treatment 
plan and a farmer type ionization chamber (PTW 30001) 
with an electrometer was used to measure the dose at the 
measurement points of each materials. 

Dose measurement  was based on the techniques as 
describe in IAEA TRS 398 [6]. We use dose to water 
calibration factor (ND,w),  temperature and pressure 
correction factor (kTP), beam quality factor parameters 
(kQ,Q0)  to convert the measured meter reading to dose. The 
dose to water calibration factor is obtained from certificate 
of chamber. We calculate the temperature and presure 
correction factor according to data of measurements, 
whereas the beam quality factor was achieved from TRS 
398 tables. The uncertainty of dose measurement using this 
technique was about 2%.  

 

 
Fig. 1 (a) Planning anterior posterior (AP/PA), (b) Planning oblique medial 
lateral, (c) Scanning phantom in CT scan machine, and (d) measurements 
at linac room 

III. RESULT AND DISCUSSION  

The dose data was obtained from multiple measurements. 
The TPS calculated and measured data at points of interest 
for different treatment techniques are shown in Table 1 and 
Table 2.  

The discrepancies between the TPS calculated dose val-
ues and measurement data with magnitudes exceeding the 
measurement errors were indications of the inaccuracy of 
the TPS. Table 1 show that the disagreements between TPS 
calculations and phantom measurements are 1.3%, 9.27%, 
9.72% for tissue, lung, and bone respectively in the anterior 
posterior (AP) technique, and 5.44%, 5.55%, 4.92% respec-
tively in the posterior anterior (PA) technique. Whereas the 
discrepancies between calculation and measurement for the 
AP/PA plan are 1.88%, 7.82%, 6.3% for tissue, lung, and 
bone respectively.  

Table 2 shows that the discrepancies between calculation 
and measurement in the medial-lateral (ML) beams are 
0.64%, 6.09 %, 1.58% for tissue, lung, and bone respec-
tively, but 13.2%, 5.18 %, 2.84% for lateral medial beam.  
However, discrepancies in the parallel beams ML/LM 
measurements are 6.28%, 3.29 %, 4.56% for tissue, lung, 
and bone respectively. 

The measurements in the anterior posterior technique 
showed that the calculation discrepancy was less than 3% 
for tissue of AP and AP/PA but it is higher than 3% for 
other tissue structures and treatment techniques. Likewise, 
the calculation discrepancies for the oblique medial-lateral 
exposure were less than 3% in tissue and higher than 3% for 
other tissue structures and techniques. 

Table 1 Comparison of TPS calculated and chamber measured dose at 
measurement points obtained for the anterior-posterior techniques 

AP (cGy) PA (cGy) AP/PA (cGy) 

Mate-

rials TPS 

Meas-

urement TPS 

Meas-

urement TPS 

Meas-

urement 

Tissue 122.30 120.69 81.90 86.62 203.10 207.00 

Lung 109.40 120.59 94.60 100.15 203.70 220.99 

Bone 82.50 75.187 116.80 111.32 200.10 188.23 

Table 2 Comparison of TPS calculated and chamber measured dose at 
measurement points obtained for the oblique medial-lateral techniques 

ML (cGy) LM (cGy) ML/LM (cGy) 

Materials TPS 

Meas-

urement TPS 

Meas-

urement TPS 

Meas-

urement

Tissue 116.00 116.75 89.70 103.38 204.90 218.65 

Lung 96.20 97.75 110.20 116.23 206.50 213.54 

Bone 85.30 80.40 117.10 113.86 202.90 194.04 

The results indicated that TPS calculation is not accurate 
without heterogeneity correction as predicted, because low 
density materials are more penetrating for radiation beams 
and causing less scattered radiation [7]. The radiation dose 
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should consist of primary and scattered components, in this 
case both components were not properly accounted for by 
the TPS without heterogeneity correction.   

IV. CONCLUSION 

Our experiment with anthropomorphic phantom  shows 
that dose calculation with TPS uncorrected for tissue het-
erogeneity can have an error up to 8% especially for low 
density materials and that the calculation is accurate in 
tissue equivalent materials. Treatment planning and dose 
calculation without correction for tissue inhomogeneity 
should be avoided.     
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Abstract— In IMRT the quality of a treatment plan depends 
greatly upon how well mutually-exclusive dosimetric goals for 
different structures within a patient are balanced and priori-
tized. Ideally, each voxel has to be assigned with an individual 
penalty factor and a prescription dose which take into account 
inter-voxel correlations. However, in most plans, an optimal 
solution is calculated by assigning a uniform importance and 
prescription to all voxels within a given structure volume. 
Previous studies have demonstrated that a significant im-
provement in IMRT planning can be achieved with voxel spe-
cific importance factors. On the other hand, prescription dose 
choice remains fixed and patient independent. We show that 
by removing the requirement for the prescription dose to be 
fixed for each voxel a significant improvement can be achieved 
when compared to IMRT plans with uniform fixed prescrip-
tion. We explore the following approach: a spatially-dependent 
penalty scheme based on how well a given voxel satisfies its 
prescription. In this scenario both under and overdosed voxels 
are penalized with a penalty weight proportional to the 
amount of the dose discrepancy. The scheme is equivalent to 
the iterative adjustment of individual voxel prescriptions based 
on the departure from the desirable voxel doses. The method is 
capable of producing improved treatment plans without ex-
pert’s intervention. A clinical head and neck case was used to 
test this method. By adjusting voxel prescriptions to compen-
sate for the inequalities between the actual and desired doses 
calculated, substantial improvements are obtained for the 
treatment plan as large dose reductions were achieved in al-
most all of the critical structures present. For instance, we 
demonstrate fivefold reduction in the maximum dose to the 
brainstem. Other organs at risk experience dose reduction 
ranging from 100 to 300 percents. 

 

Keywords— Treatment planning, Optimization, IMRT. 

I. INTRODUCTION  

Intensity Modulated Radiation Therapy (IMRT) can be 
formulated in a number of ways. A planner formalizes radi-
ation delivery into a linear or a quadratic optimization prob-
lem (possibly with additional convex or non-convex con-
straints) in order to find fluence maps of beamlet intensities 
that deliver an acceptable dose to all targets and sensitive 
structures. The notion of the acceptable dose is based pri-
marily on clinical criteria. A natural choice of  the optimiza-

tion objective is the Euclidian distance between calculated 
and prescribed dose distributions. The later is assumed to be 
uniform for a given organ. The optimization problem is 
complicated by the unequal importance of different–often 
mutually contradictory–goals; the achievement of the de-
sired dose in the tumor region is of much greater importance 
than reducing the dose received by critical organs, and dif-
ferent organs vary in their dose toleration. 

In the most common approach to IMRT inverse planning 
the key idea is to combine the objectives for all structures 
into one function; each objective is weighted by an impor-
tance factor, a constant that can either increase or decrease 
the penalty for a discrepancy between the desired and deli-
vered dose for a particular structure. The resulting objective 
is then minimized and optimal beamlet intensities are ob-
tained. The solution is obviously a function of the impor-
tance factors. It is mathematically optimal, yet it is not ne-
cessary clinically optimal. It is only through the trial-and-
error modification of importance factors that one can, theo-
retically, generate a treatment plan compliant with the given 
dosimetric (clinical) goals for a patient. Planners must often 
go through a tedious and time-consuming process of repeat-
edly changing importance factors and re-optimizing beamlet 
intensities until a clinically acceptable distribution is 
achieved. Automated procedures aimed at determining the 
optimal importance factors [1, 2, 3], including AI guided 
algorithms [4] were developed to alleviate the problem. But 
even then, dose tradeoffs are usually considered at the struc-
ture level only. Yet, the voxels within the target volume and 
critical structures are not equal and can oppose each other in 
terms of their dosimetric goals. As a result, assigning them 
all equal importance and prescriptions can greatly limit the 
solution space of the optimization problem [6]. Better 
treatment plans can be produced when the dosimetric in-
equality among voxels is considered [3, 5]. 

Adjusting importance factors does not always result in a 
clinically acceptable plan which meets specified prescrip-
tion goals. Moreover, it often happens that a prescription 
cannot be met regardless of the importance factors. In this 
case physicians are frequently forced to alter the prescrip-
tion what requires to re-plan the treatment. Several works 
speculated that a customized voxel-dependent prescription 
dose in this case can serve as a solution (see e.g. Ref. [1,5]).   
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For a set of fixed importance factors we would like to use 
a voxel-dependent prescription which maximizes dosimetric 
goals of each voxel. One of the ways to find a suitable spa-
tially non-uniform prescription is through an iterative pro-
cedure which increases (reduces) the prescription based on 
the results of the preceding dose optimization. A new pre-
scription dose is assigned to all voxels after each iteration 
and the objective function is re-optimized. The procedure is 
repeated until the difference between calculated doses in 
two subsequent iterations is less than a predefined value. 
We emphasize that the prescription adjustments–in contrast 
to manual (expert-guided) importance factor adjustment–are 
performed automatically by a computer based on how well 
a given voxel fulfills its prescription goal. Prescription cor-
rection is equivalent to a penalty scheme which penalizes 
overdosed (under-dosed) voxel with a penalty weight pro-
portional to the amount of overdose (under-dose). Although 
importance factors are still used, they are fixed and are not 
subject to iterative change. Moreover, the need to provide 
“correct” importance factors is completely eliminated. In 
principle, one can simply assume all importance factors to 
be equal to 1. Even then, the iterative prescription procedure 
is capable of generating an optimal solution matching clini-
cal goals. Since no expert’s intervention is needed the whole 
procedure is computationally more efficient. 

II. METHODS AND MATERIALS 

If we denote the vector of prescribed doses for the i-th 

structure as 0
id  and c

id  is the vector of calculated doses for 

the same structure, then the objective function reads, 

2

0F c
iii dd −= .           (1) 

Here c
id is a linear function of the fluence vector x ; 

xAd i
c
i =  where iA  is a matrix of beamlet kernels. Plan’s 

objective ∑= ii FF λ is a linear combination of individu-

al cost functions iF with importance factors iλ .  

 Our method can now be summarized in the flowchart 
Fig.(1). Initially, prescription doses for all voxels are set to 
their ideal values for organs at risk and target volume, i.e. 
voxels of the target are uniformly prescribed 100 percent of 
the dose and voxels of sensitive organs 0. Next, the optimal 

beamlet intensities for given importance factors iλ are cal-

culated as the output of the quadratic optimization problem. 
At this step the objective function F is minimized and the 

optimal fluence vector *x  is obtained. This allows one to 

calculate the dose deposition to every voxel. Once the deli-

vered dose is determined, the individual prescriptions for 
the next iteration round is corrected based on the departure 
of the ideal prescription from the actual delivered dose. 
Finally, the beamlet intensities are re-optimized using the 
corrected prescriptions. This process is repeated until the 
solution converges. The prescription corrections are then 
performed after each optimization. A uniform ideal target 
prescription dose is assigned for each structure and remains 
unchanged for all iterations, but the actual prescriptions for 
each voxel are assigned a higher or lower dose for the next 
optimization iteration depending on the error between the 
delivered dose and the target 
dose.

 
Fig. 1. Proposed iterative prescription correction process. 

 
 The resulting objective function to be minimized after 
the N-th prescription adjustment reads, 

∑ ∑
=

+ Δ−−= ))(2(F
1

2

1
N

j

i
j
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ii

c
ii

N dIdλ .        (2) 

We notice that the effective objective function Eq.(2) con-
sists of two major terms. The first term is present in the 
objective function for all iterations. Minimizing the term 
alone results in the standard optimization problem for the 

fixed idealized prescription iI . The second term, on the 

contrary, changes from iteration to iteration and reflects the 
essence of the proposed method. It is proportional to the 

calculated dose xAi . Depending on the sign of the total 

dose discrepancy after N iterations ∑
=

Δ
N

j

i
j

1

 for a given 

voxel, the calculated dose is either minimized (the sum of 
the prescription corrections is negative) or maximized (the 
sum of the prescription corrections is positive). If the voxel 
prescription did not require any correction then it is sub-
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jected only to the first term of the objective function Eq.(2). 
If a voxel is under-dosed with respect to the ideal target 

prescription then 0>Δi which results in maximization of 

its calculated dose. If the voxel is overdosed ( 0<Δi ) then 

its calculated dose is minimized according to the second 
term in the objective. From this perspective iterative pre-
scription adjustment can be seen as a procedure which pena-
lizes voxels that have not achieved their ideal target doses 
with the penalty weight proportional to the mismatch be-
tween the ideal target and actual calculated dose. Correc-
tions are applied until there remains no voxel for which 
improvement is still possible. 

III. RESULTS  

 
 A clinical head and neck case was used to test the pro-
posed method of prescription corrections. Treatment geo-
metry with 7 intensity modulated beams was chosen. Each 
beam was represented as a 16-by-20 array of beamlets. 
Optimization was performed using MOSEK optimization 
package. For the planning target volume (PTV), the target 
dose was set to 66 Gy. The beamlet intensities are norma-
lized so that 95 percent of PTV receives 66 Gy for every 
dose distribution. All organs at risk (OAR) including the 

tuning structure were assigned with ideal target doses iI  of 

zero. The right parotid and mandible are not included in the 
dose-volume histogram (DVH) of the case because they 
overlapped with the PTV.  
 In order to evaluate the performance of the iterative 
prescription method we compare plans generated using 
prescription corrections to plans with fixed idealized pre-
scription. For instance, one of such performance compari-
sons is depicted on Fig.(2). Here solid lines represent DVHs 
of the standard fixed prescription plan whereas dashed lines 
are correspondent DVHs for the corrected prescription plan. 
There is a substantial improvement in the DVHs for the 
corrected prescription plan. While prescription correction 
resulted in a noticeable improvement to the PTV, most of 
the critical structures received a dramatic reduction in dose. 
This can be attributed to the tradeoff determined by the 
importance factors assigned to each structure during optimi-
zation. Because the PTVs importance factor is much higher 
relative to every other structure, it will achieve a nearly 
optimal dose without prescription corrections. However, the 
OARs can be much further from their optimal dose and 
repeated prescription corrections allow the OARs to be 
forced to a lower dose.  
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Fig. 2.  DVH of the head and neck plan. Dashed lines indicate the DVH 
without prescription correction and solid lines show it after five iterations. 

Table 1 Head and neck plan results before and after prescription 
corrections. Correspondent DVHs and dose distributions are shown on 
Fig.(2) and Fig.(3). 

Organs Original Corrected 

 
PTV  

% vol > 66Gy = 95% % vol > 66Gy = 95% 

Brainstem  maximum = 24.23Gy maximum = 20.73Gy 

Larynx  maximum = 3.14Gy maximum = 3.13Gy 

Larynx  mean = 1.56Gy mean = 1.56Gy 

Chiasm  maximum = 1.13Gy maximum = 1.14Gy 

Cord  maximum = 29.7Gy maximum = 22.55Gy 

Left Parotid  maximum = 24.43Gy maximum = 23.98Gy 

Left Parotid  mean = 4.17Gy mean = 3.43Gy 

Left Optic Nerve  maximum = 0.84Gy maximum = 0.85Gy 

Right Optic Nerve  maximum = 1.22Gy maximum = 1.23Gy 

Left Lens  maximum = .35Gy maximum = 0.38Gy 

Right Lens  maximum = .67Gy maximum = 0.69Gy 

 

 
 Fig.(3) and Fig.(4) show the isodose distributions for 
the corresponded plans illustrated on Fig.(2) with contour 
lines at 95%, 65%, and 30% of the PTV target dose (66 
Gy). The distributions show that there is a great reduction of 
radiation to the surrounding tissue in addition to the reduc-
tion of hot spots. Table 1 show the results based on the 
criteria used for determining whether a treatment plan is 
clinically acceptable. The PTV and OARs in the corrected 
case all meet the standard requirements for head and neck 
treatment plans. Due to the large improvements, the method 
of prescription correction can ease the process of producing 
a clinically acceptable treatment plan and may reduce or 
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even eliminate the need to manually change the importance 
factors of structures. 

 

Fig. 3 Head and neck plan dose distributions before prescription 
correction. Hotspots are marked with red crosses. 

 

Fig. 4 Head and neck plan dose distributions after prescription 

correction. Hotspots are marked with red crosses. 
 

IV. CONCLUSIONS  

We have introduced the method of adjustable prescrip-
tion correction. We demonstrated that voxel-based prescrip-
tion corrections produced significant improvements in the 
treatment plans of the cases studied. Through this simple 
method of prescription corrections, the desired doses were 
better achieved in the PTV and most of the organs at risk. 
Due to the simplicity and intuitiveness of this approach, it 
offers the advantage of being easily implemented in most 
IMRT planning algorithms with only a few lines of code. 
Various improvements could be made to this method. For 
instance, decaying proportionality constants may perhaps be 
employed in order to give a large, quick correction initially 
while preventing the corrections from becoming unstable. 
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Abstract—To report a segmented image registration strat-
egy with explicit inclusion of the differential motions of tho-
racic structures. The proposed technique started with auto-
identification of a number of corresponding points. A thin-
plate spline (TPS) method was used to register a structure 
characterized by the control points with a given “color”. A 
comparison with the conventional TPS method showed that 
the registration accuracy was markedly improved when the 
differential motions of the lung and chest wall were taken into 
account. The segmented deformable approach provides a 
natural and logical solution to model the discontinuous organ 
motions and greatly improves the accuracy and robustness of 
deformable registration. 

Keywords—image-guided radiation therapy, deformable image 
registration, segmentation 

I. INTRODUCTION  

A prerequisite of thoracic radiotherapy planning is the 
accurate modeling of respiratory motion of thoracic struc-
tures [1]. Much effort has been devoted to applying various 
deformable image registration models to tackle the problem 
[2-7]. A fundamental deficiency of these approaches is that 
the differential motion properties of the involved organs are 
tacitly ignored [8]. For example, the two sides of the contact 
surfaces between the lungs and chest wall behave differ-
ently. Recently, some physics-based models have been 
proposed to describe the respiration motion. Villard et al 
studied the lung motion based on a continuous mechanics 
model [9]. However, the use of finite element method (FEM) 
entails a detailed knowledge of the tissues’ mechanical 
parameters, which are poorly understood. Al-Mayah et al 
modeled the sliding interaction between the lungs and chest 
cavities [10]. In their work, a single material property was 
assumed. In reality, the lungs consist of various tissues, 
such as the trachea, bronchia, and alveoli, etc, which can 
hardly be uniformly represented by a single material.  

In this work we report a new registration strategy with 
individualized handling of the involved structures. The 
proposed approach effectively utilizes the inherent tissue 
feature information and affords a natural and logical solu-
tion to this difficult problem. 

II. MATERIALS AND METHODS 

The lungs on the template phase and target phases were 
first automatically segmented and co-registered. Because 
the respiration movement is mainly along superior/inferior 
(SI) direction, the SI components of displacement vectors of 
these point pairs were averaged to obtain the sliding dis-
placement on each slice.  A Fourier transformation of these 
sliding displacements was carried out. The low frequency 
component of the Fourier transformation represents the 
sliding motion along SI direction, whereas the high fre-
quency component represents the contribution from defor-
mation and can be modeled by a conventional deformable 
model. After shifting the lungs on the target phase accord-
ing to the filtered sliding displacements, a thin plate spline 
(TPS) deformable registration was applied between the 
template phase and the shifted phases to obtain the dis-
placement vector for each voxel.  

III. RESULTS 

Figure 1 shows the displacements of the points in the 
lungs for the first lung case. The vectors in green and yel-
low represent the displacement field in the lungs and the 
chest wall, respectively. Because the chest wall movement 
is extremely small, for display purpose, the yellow vectors 
were scaled up by 2500 times. In the inferior regions, the 
discontinuous displacements on the two sides of the lung 
surfaces are very pronounced.  
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(a)             

  

(b) 

Fig. 1 Displacement vectors in the peripheral zones of the lungs. The 
arrows in these graphs point to the directions of their actual movement 
when going from inhale to exhale phases. The displacement field in the 
lungs and chest wall are represented by green and yellow arrows, respec-
tively. 

 
The proposed technique was also applied to study the 

movement of a lung tumor (Fig. 2). The green lines repre-
sent the physician outlined contours on the target phase. The 
red and cyan lines represent the mapped contours using the 
proposed and conventional methods, respectively. The dice 
similarity coefficient (DSC) [11, 12] to the physician’s 
delineations for the two methods were 91.3% and 74.0%, 
respectively, indicating that our method is better than the 
conventional method in dealing with the lung deformation. 

 

(a)             

 

(b)             

 

(c) 

Fig. 2 Contours obtained using different methods on the target phases. The 
green lines represent the manually segmented contours on the target phases. 
The red and cyan lines represent the mapped contours derived using the 
proposed and conventional TPS methods, respectively.  

IV. CONCLUSIONS  

Accurate modeling of thoracic organ motions remains il-
lusive because of the lack of an effective mechanism to deal 
with the discontinuous movements of the involved anatomic 
structures. In this work, a segmented image registration 
strategy with explicit inclusion of the differential motions of 
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thoracic structures has been described. The chief advantages 
of the technique are that it allows segmented registration 
without delineating the target phases. Given the increased 
interest in 4D thoracic radiation therapy, the deformable 
registration method described here should find useful appli-
cation in future clinical practice. 
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Abstract— Recently the number of cancer case has been in-
creasing. In addition, because of aging of the population and 
diversification of values among the people, less-invasive and 
high-QOL (quality of life) treatment for tumors has been 
needed. BNCT (Boron Neutron Capture Therapy) is based on 
the nuclear reaction of two essentially nontoxic species, 10B and 
thermal neutron. BNCT is effective and minimally invasive 
treatment. However BNCT is inefficient because atomic reac-
tor is used for neutron source. In this study, we proposed to 
BNCT using an accelerator and new boron agents; HVJ (He-
magglutinating Virus of Japan) envelope (HVJ-E) and Boro-
nated liposome (B-Liposome). HVJ-E is a nonviral vector 
using inactivated virus particle and it can deriver inclusions 
into cells via membrane-fusing activity. B-Liposome made of 
boronated phosphatide analogue can deliver the drug which is 
encapsulated into liposome with boron. We tried BNCT trail in 
vivo using an accelerator and new drugs. We used A549 cell 
line and OKTAVIAN which is 14 MeV neutron source by D-T 
reaction. In the result, these new boron agents realized the 
sufficient intracellular boron concentration and higher cyto-
toxicity reaction compared with a conventional boron com-
pound (Sodium borocaptate: BSH). Therefore, we confirmed 
the possibility of BNCT using new drugs. 

Keywords— BNCT, accelerator, HVJ-E, boronated liposome, 
BSH 

I. INTRODUCTION  

Recently the number of cancer cases has been increasing. 
In addition because of aging of the population and diversifi-
cation of values among the people, less-invasive and high-
QOL (quality of life) treatment for tumors has been needed. 
BNCT (Boron Neutron Capture Therapy) is a less-invasive 
tumor therapy based on the reaction between boron (10B) 
and thermal neutron. 10B captures thermal neutron effi-
ciently and produce α and 7Li ray. They have high reactive 
biological effectiveness (RBE) and the range of them is less 
than 10 μm in tissue1). 

However the number of patients treated using conven-
tional BNCT is limited because the neutron source of 
BNCT is atomic reactor. In general, atomic reactor are lo-
cated far from a hospital and number of reactors is few. For 
these reasons, it is difficult for the patients to go to the 
atomic reactor with attending doctor. Moreover atomic 
reactors do not have enough medical facilities. 

So we have proposed to BNCT using accelerator with 
new boron agents: HVJ (Hemagglutinating Virus of Japan; 
Sendai virus) envelope (HVJ-E) and Boronated liposome 
(B-Liposome). HVJ-E is a nonviral vector using inactivated 
virus particle. HVJ-E can deliver a variety of molecules into 
cells via membrane-fusing activity2). B-Liposome is made 
of boronated phosphatide and can deliver drug is encapsu-
lated into liposome with boron. Therefore B-Liposome 
enables to achieve BNCT and chemotherapy at the same 
time3). 

II. MATERIALS AND METHODS 

A. Cell culture 

A549 human lung adenocarcinoma cell line was used for 
these studies. This line was initiated in 1972 by D.J. Giard, 
et al4) through explant culture of lung carcinomatous tissue 
from a 58-year-old Caucasian male. A549 cells cultured at 
37 oC and 5% CO2 in RPMI1640 (Sigma-Aldrich Inc., MO) 
containing 10% fetal calf serum (FCS, BioWest Inc., 
France), 100 units/mL penicillin, and 0.1 mg/mL strepto-
mycin (Nacalai Tesque, Japan). 

B. Preparation of HVJ-E-BSH 

HVJ was inactivated by UV irradiation (99 mJ/cm2) us-
ing UV cross-linker (Spectro Linker XL-1000 UV cross-
linker, Spectronic Corp.). Inactivated HVJ (3 x 1010 parti-
cles) was mixed with 15 μL of 1% protamine sulfate/ TE 
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buffer (QIAGEN), 110.7 μL of 3% BSH (STELLA 
PHARMA CORPORATION) and 40 μL of 3% TWEEN 80 
(Nacalai Tesque) and incubated 5 minutes at 4 oC. The 
suspension centrifuged (15,000 x g) for 5 minutes at 4 oC. 
The supernatant liquid was removed and the pellet remained 
was washed with BSS (Balanced Salt Solution, 10 mM Tris-
Cl, pH 7.5, 137 mM NaCl and 5.4 mM KCl). After this the 
suspension was centrifuged (15,000 x g) for 5 minutes at 4 
oC and the supernatant liquid was removed.  

C. Preparation of CG-HVJ-E-BSH 

3 x 1010 particles of HVJ-E-BSH was mixed with 125 
mL of 40 mg/mL Cationized Gelatin (CG) polymer solution 
and incubated for 10 minutes at 4 oC. The suspension was 
centrifuged (15,000 x g) for 5 minutes at 4 oC and the su-
pernatant liquid was removed.  

D. Concentration of Boron uptake by cells with HVJ-E-BSH, 
CG-HVJ-E-BSH, B-liposome 

200 μL of A549 cell was inoculated into a 24-well Plate 
(1 x 106 cells/well). 4 hours later, when the cells had ad-
hered to the plate, 100 μL of 100 ppm B boron compounds 
(BSH, HVJ-E-BSH, CG-HVJ-E-BSH and B-liposome). 
After 2 hours, the supernatant was removed and the cells 
were washed three times thoroughly with phosphate buff-
ered saline solution (PBS, pH 7.4, Sigma), and lysed with 1 
mL of 0.1% sodium dodecyl sulfate solution at 37 oC for 20 
minutes. After this the suspension was diluted by adding 5 
mL water and the intracellular uptake of boron was 
quantified using ICP-AES (Inductively Coupled Plasma - 
Atomic Emission Spectrometry, ICP-7500, Shimadzu 
Corp.).  

E. Neutron source and experimental set up 

The 14-MeV neutron source facility OKTAVIAN of 
Osaka University was used for the neutron source for 
BNCT. OKTAVIAN is a of Cockcroft Walton accelerator 
type and produce 14 MeV neutrons by D-T reaction. Beryl-
lium and polyethylene blocks were put in between the neu-
tron source and a sample box. And graphite blocks cover 
the neutron source and the sample box (Fig. 1). 

F. Measurement of fast and therma  neutron at sample box 

A niobium foil of 100 μm thickness and 5 x 5 cm2 was 
put in the sample box for fast neutron measurement. A gold 
foil of 50 μm thickness and 1 x 1 cm2, and a cadmium cover 
of 1 mm thickness were used in the measurement of thermal 

neutron flux and cadmium ratio. 934 keV and 412 keV γ 
rays were counted using a high-purity germanium (HpGe)  
(GMX-15185-p, SEIKO EG & G, Japan).  

 

 
Fig. 1. Experimental set up for neutron irradiation. 

 

G. Evaluation of the antitumor activity of BNCT 

100 μL of each of 100 ppm B boron agents (BSH, HVJ-
E-BSH, CG-HVJ-E-BSH, B-Liposome) was added to 100 
μL of A549 cell suspension (1 x 105 cells/mL). After 2 
hours incubation, the cells were subjected to neutron irra-
diation for 2 hours. After neutron irradiation, the boron 
agents were replaced with complete growth medium and 
cultured 6-well plate (microplate 6-well with Lid. code 
3810-006, IWAKI, Japan). After 5 days, the number of cells 
was counted to evaluate their sensitivity to BNCT. Trypan 
blue staining methods was used to determine cell viability 
in this experiment.  

III. RESULT  

A. Boron uptake by cells 

The relationship between the boron agent and its intracel-
lular uptake is shown in Fig. 2. The uptake amount of con-
ventional agent, BSH, was not detected because of a detec-
tion limit. On the other hand, the amount from the novel 
boron agents (HVJ-E-BSH, CG-HVJ-E-BSH, B-Liposme) 
could be determined. 
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Fig. 2 Intracellular uptake of Boron. Intracellular concen-

tration of boron is expressed against boron compound. The 
broken line indicates quantification limits (0.06 mg/106 
cells).  

B. Measurement of fast and thermal  neutron at the sample 
box 

The fast neutron flux was 3.76 x 105 n/cm2/sec. The ther-
mal neutron flux was 1.69 x 106 n/cm2/sec and Cd ratio was 
5.03.  

C. Evaluation of the antitumor activity of BNCT 

The cytocidal e ects of BNCT were evaluated about 
each boron agent (Fig. 3). Fig.3 shows the proportion of cell 
number compared with untreated cell number. Only when 
using HVJ-E-BSH and B-liposome, the cytotoxicity of 
BNCT was observed with significant differences.  

IV. DISCUSSION  

The measured result of intracellular boron concentration 
using ICP-AES novel boron agents increased the concentra-
tion and the value was more than 10 times compared with 
BSH.  

In neutron irradiation experiment, fast neutron flux was 
3.76 x 105 n/cm2/sec. Equivalent dose of fast neutron calcu-
lated with LET = 7.44 x 10-14 J/kg/(n/cm2) and RBE of 
recoil nucleus = 2.35) was 4.47 x 10-4 Gy-Eq. This is not 
effective value for killing cancer cells.  

The Equivalent dose of BNCT was calculated with RBE 
value of α ray and Li ray = 3.06) (Table 1). 

 

 
Fig. 3 Effects of BNCT on the Survival. 

Table 1 Equivalent dose (RBE-Gy) of BNCT 

Boron  agent Equivalent Dose (± SD) [Gy-Eq] 
BSH < 0.19 
HVJ-E-BSH 3.4 (0.07) 
CG-HVJ-E-BSH 2.9 (0.13) 
B-liposome 2.3 (0.04) 

 
The relation ship of equivalent dose and antitumor effects 

is similar to other reports7, 8).  

V. CONCLUSIONS  

Conventional BNCT is inefficient because atomic reactor 
is used for neutron source. In this study, we demonstrated 
accelerator-based BNCT using new boron agents. 

In this study HVJ-E-BSH and B-Liposome can realized 
the high intracellular boron concentration and the high cyto-
toxicity reaction compared with BSH. Our current approach 
has a potential for development of accelerator-based BNCT. 
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Abstract— A breathing motion phantom that was developed 
to study the effect of dose distribution due to organ motion was 
modified to simulate respiratory motion of patients using the 
data acquired with an LED based motion capturing device. 
The robotic breathing motion phantom now developed can 
simulate the respiratory motion in the longitudinal direction.   
The cylindrical lung inserts of the phantom were designed to 
hold GafChromic film or can be filled with Gel dosimeters. 
Dosimetric experiments were performed with Gel and Gaf-
Chromic films for various patient respiratory motions ac-
quired with LED motion Capture device.  The phantom could 
also be used as a quality assurance tool to verify gated delivery 
of radiotherapy. 

Keywords— Respiratory motion, GafChromic films, Gel do-
simetry, phantom  

I. INTRODUCTION  

High precision radiotherapy such as 3DCRT, IMRT re-
quire accurate targeting of the tumor, however organ motion 
during treatment negates this goal. Respiratory and cardiac 
motions, though predictable, cause the largest displacements 
in intra- thoracic tumors. The magnitude of displacement 
varies significantly with patient, position, size of the tumor 
and respiratory pattern of the patient.  These organ motions 
during treatment result in an increase in the treated volume 
and the delivered dose distribution does not match the in-
tended dose distribution.  A few authors have performed 
dosimetry of these moving targets with ion chamber, diode 
arrays and gel dosimetry [1,2]. Organ motion phantoms 
have been developed to study the effect of dose distribution 
due to moving organs [3]. An organ motion phantom was 
developed earlier in this institute to study the variation in 
dose distribution due to respiratory motion [4]. However the 
movement in the phantom was arbitrary and did not truly 
represent the respiratory motion of the patient. The purpose 
of this work is to develop a computer control system for the 
phantom that is capable of reproducing the respiratory mo-
tion of a patient acquired with and LED based motion cap-
ture system. The variations in dose distributions were stud-
ied using GafChromic film and Gel dosimeter for different 
respiratory motions acquired with the LED based motion 
capture system.  

The phantom could also be used as a quality assurance 
tool to verify the gated delivery of radiation. 

II.  METHODS AND MATERIALS 

A. The System 

This system basically contains two parts i) a motion cap-
ture system that acquired the patient breathing data  ii) and a 
robotic breathing phantom  

 
I. Patient Breathing data acquisition: 
 

The patient breathing data was acquired using the Light 
Emitting Diode based patient motion sensor system of 
Phasespace®.  This system consists of the following 

1. Four high speed, high-resolution cameras.  Each cam-
era has two detectors composed of a lens assembly and a 
Linear Charge-Coupled Device.   

2. Active LED Markers are smart LED modules com-
posed of  LED light source and a microprocessor that con-
trols the timing and modulation of the LED’s pulse duration 
and amplitude thus generating a unique ID for each marker.  

3. A PC with internal HUB that connects the cameras to 
the computer.  

4. There are three software components, i.e. core, opera-
tional and viewing. Core motion capture software runs the 
system components and processes the raw camera data, 
calculates X, Y, Z positions for each LED and streams it to 
client software. Operational and viewing software controls 
system configuration, session captures, data streaming and 
provides a viewing client. 

The motion sensor captures the motion in real time i.e. 
each time the LED attached to the patient moves a fraction 
of a millimeter, the motion is captured and processed in 
under 10 milliseconds. The motion capture system is cali-
brated with a calibration object placed at the isocentre of the 
Linear accelerator.  The X, Y and Z coordinates of the LED 
position relative to the isocentre of the Linear accelerator 
room are captured and stored in a text file.   The motion 
sensor camera fixed on the wall of Linac room and the ac-
tive LED markers are shown in Figure 1 
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Fig 1.  The motion sensor camera and the active LED 
markers 

 
A sample breathing motion data captured by the motion 

sensor system is shown in Figure 2. 

 

Fig 2.  A sample breathing data of a patient  

II. The Robotic Lung Phantom 

A thorax shaped organ motion phantom developed in 
house has been used in this study.  The phantom has two 
cylindrical inserts that represent the lungs and one of them 
is attached to a movement system that can simulate the 
longitudinal respiratory motion of the lung.  The lung cylin-
der has provisions to place a GafChromic film or could be 
filled with gel used for gel dosimetry. 

An actuator that controls the movement of the lung in-
serts as per the breathing motion data acquired with the 
motion sensor has been developed in this work.  This actua-
tor has two parts i) A DC motor control and a gear system 
that moves the lung insert. ii) Software that process the 
patient motion data and drives the DC motor control.  The 
DC motor, the gear system and the flywheel that drives the 
lung insert are shown in Figure 3.  The entire phantom with 
the actuator is shown in Figure 4.   

The software for controlling the DC motor through the 
parallel port was developed using VB6.  The VB program 

Fig. 3 DC motor and the gear system 
  

 
Fig. 4 The Breathing Phantom with the control system 

 
reads the breathing motion data from the file, and since the 
data available is of very high resolution data processing is 
done to reduce the number of data.  The GUI form of the 
software that enables selection of patient data and resolution 
is shown in Figure 5.   

 
The phantom developed can be used to simulate the 

breathing motion of any patient data acquired with the 
PhaseSpace® motion sensor, and also with data files manu-
ally generated with spreadsheet software, allowing simula-
tion of more regular (e.g. sinusoidal) breathing patterns. 

B.  Irradiation Experiment 

To study the effect of organ motion on the radiation dose 
distribution, a GafChromic film was placed in the lung 
insert and was exposed to 300cGy with a 6 MV photon 
beam of 1.5 cm diameter from a Mevtraon MD linear accel-
erator. Initially the phantom was exposed with no move-
ment of the insert and then the insert was moved using pa-
tient breathing data.  The radiation distributions on the 
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GafChromic film for the static irradiation and with breath-
ing motion of the phantom are shown in Figure 6. 

 
 
 

 
 
 
 
 
 
 
 

Fig 5. Graphic User Interface of the software developed 
to select patient and start breathing motion simulation 

 
 
 

 
Fig. 6. GafChromic film exposed with and without the 

breathing motion 
 

 

 

III. CONCLUSIONS  

An actuator for a breathing motion phantom has been de-
veloped.  The actuator can read the breathing motion data 
acquired by the PhaseSpace motion sensor and activate the 
phantom to simulate the patient breathing motion. 

 
The phantom could be used to study the effect of organ 

motion on the dose distribution for various patient data 
either with GafChromic film or gel dosimetry. The phantom 
can also be used as a quality assurance tool for gated deliv-
ery of radiotherapy. 
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Abstract— This paper reports on improved simulation of small

electron  fields  from  a  Siemens  Primus  linear  accelerator.

Accelerator simulation was performed using the Monte Carlo

user code BEAMnrc. Source and geometry parameters used

were obtained from previous measurements and simulation of

the linear accelerator with maximum electron field size (40 

40 cm2). Careful measurements of electron dose distributions

were performed for fields ranging from an open 25  25 cm2

electron applicator to a 10  10 cm2 applicator containing a 1

cm diameter  cerrobend  insert.  Monte  Carlo  calculated  and

measured data generally matched to within 2 % or 1 mm. This

study  has  used  improved  source  and  treatment  head

simulation parameters and exacting measurements to closely

match measured and simulated dose  distributions  for  small

electron fields.

Keywords— Monte Carlo, electron beam, radiation therapy.

I. INTRODUCTION 

Accurate dose calculations for radiation therapy are de-

pendent on an accurate definition of the source and beam

modifiers. In some areas, the advantages of electrons – uni-

form dose and steep fall-off – can be counteracted by uncer-

tainty  in  the  dose  delivered.  More  precise  delivery  tech-

niques require more accurate fluence and dose calculations

[1]. Monte Carlo simulation can accurately model particle

transport and subsequent dose deposition but this requires

accurate details on the electron beam and treatment head.

Faddegon et al. [2] developed methodology to extract de-

tailed information on the  source and geometry of a treat-

ment head based on measurements done for the maximum

field size (40   40 cm2) and no electron applicator. More

recent work currently under review uses dose and geometry

measurements with disassembly of the treatment head to de-

rive these parameters with high accuracy [3]. It is  prudent

to verify whether these parameters on the source and geom-

etry remain true for the treatment head for fields collimated

with an electron applicator.  

This study investigates the use of the  improved source

and  geometry  parameters,  derived  from  simulation  of  a

Siemens Primus accelerator at maximum field size [2], [3],

for small electron fields. Small fields ranged from an open

25  25 cm2 electron applicator to a 10  10 cm2 applicator

containing a 1 cm in diameter cerrobend insert.

II. MATERIALS & METHODS

Measurements were performed on a Siemens Primus lin-

ear  accelerator  for  electron energies  6 MeV,  9  MeV,  12

MeV, 15 MeV, 18 MeV and 21 MeV with 10  10 cm2, 15

 15 cm2, 20  20 cm2  and 25  25 cm2 applicators and

circular cerrobend inserts ranging from 1 cm to 5 cm in di-

ameter. This data was obtained using a 60 cm  60 cm 

58 cm scanning water tank (Wellhofer) at 100 cm SSD. For

the open applicators, depth penetration and off-axis profiles

were measured with a Roos chamber (PTW-Freiberg) and a

CC13 chamber (Scandatronix-Wellhofer). For the cerrobend

inserts an EFD diode (Scandatronix-Wellhofer) was used to

maintain adequate spatial  resolution in  the small electron

fields.

Off-axis profiles were measured at depths of 0.5 cm, dmax,

in the fall-off and in the bremsstrahlung tail of each electron

beam. Depth penetration measurements extended approxi-

mately 3 cm beyond the practical range. The detector was

centered on the collimator rotation axis. The reference de-

tector (CC13 or EFD) was positioned on the distal scraper

bar of the applicator to minimize scatter into the field. The

water tank was leveled to +/- 1.0 mm over the scan length.

Data was obtained at slow scan speed, < 0.5 mm/sec for the

smallest fields. This was to facilitate both minimum water

displacement and to obtain adequate data points for averag-

ing in noisy scans. The detector position at the water surface

was verified frequently. The water level was checked ap-
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proximately every 2 hours and water added to account for

evaporation and maintain the detector depth. 

Relative  output  factors  were  measured  with  the  Roos

chamber. Current was measured with a MK614 electrometer

(Keithley Instruments Inc). Three readings for 20 MU  were

taken for detector biases of +300 and -300 V.

Monte Carlo simulations were performed using the ac-

celerator  simulation  code  BEAMnrc  (version  1.104)  [4].

ECUT/AE and PCUT/AP values of 0.7 MeV and 1.0 keV

were used, respectively. 800 million histories were tracked

to  achieve  1  %  uncertainty  in  dose  calculations.  The

Siemens Primus accelerator was modeled using both manu-

facturer provided specifications and direct measurement of

components following disassembly of the treatment head.

Fig. 1: Comparison of Monte Carlo and CC13 measured 12 MeV

cross-plane profiles for 10  10 cm2 and 25  25 cm2 applicators. 

The source and geometry parameters used were obtained

from a previous investigation [3] which extracted accurate

details on the source and treatment head components from

measurement and simulation of the accelerator with maxi-

mum field (40  40 cm2) and in 3 different states of disas-

sembly of the treatment head: no scattering foils, primary

scattering  foil  only,  and  full  clinical  configuration.  The

model fully accounted for measured asymmetry. The source

used in simulation was an offset, angled pencil beam with

Gaussian shaped  energy and radial  distributions.  Compo-

nents were the exit window, primary scattering foil, primary

collimator,  secondary scattering foil,  dose chamber, jaws,

MLC track and accessory rails.  The dimensions and posi-

tions, calculated for the large field study, were the input for

small field simulations. The electron applicator was mod-

eled and jaws set to corresponding positions for each appli-

cator. Phase-space information was scored at 90 cm SSD.

Simulation of  the final  beam defining aperture  and water

phantom dose calculations were performed using the Monte

Carlo EGSnrc code MCRTP [5]. The cerrobend inserts were

simulated replacing the  open applicator brass scraper bars.

The inserts modified distance to the source (- 0.56 cm) and

thickness (+ 0.03 cm), relative to the brass applicator scrap-

er, was accounted for.

Fig. 2: Monte Carlo and EFD diode percentage depth dose curves 

for 6 – 21 MeV electron beams and 25  25 cm2 applicator

III. RESULTS AND DISCUSSION

Percentage depth dose, off-axis profiles and relative out-

put  factors  were  calculated  using  MCRTP.  Monte  Carlo

data was normalized and compared with ionization chamber

and EFD diode measurements for the small electron fields.

Since the  source and geometry parameters used were  ob-

tained from the large electron field simulations [3], the only

free parameters for small electron field simulations were the

geometry of the applicators and the circular cerrobend in-

serts. Manufacturer specifications (confirmed by measure-

ments)  were  used to  model  the  electron applicators.  The

curved corners of the final scraper bars of the Siemens ap-

plicators were not modeled. This is only expected to lead to

a reduction in field size for diagonal plots. Figure 1 shows

excellent agreement between thimble chamber (CC13) mea-

sured and Monte Carlo cross-plane profiles for the 12 MeV

electron beam and 10  10 cm2 (1.4 % / 0.4 mm) and 25 
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25 cm2 (0.8 % / 0.8 mm) applicators. The 15  15 cm2 and

20   20 cm2 applicator profiles also showed this level of

agreement. Monte Carlo calculated depth penetration (6 –

21 MeV) matched diode measurements to 0.6 mm, as seen

for the 25  25 cm2 applicator in figure 2.

The circular cerrobend inserts of nominal diameter 1 cm,

2 cm and 5 cm were measured as 1.00 cm, 2.12 cm and 5.22

cm respectively. The inserts were 0.56 +/- 0.05  cm closer to

the  source  than the  final  applicator  scraper  bar. The cer-

robend material was modeled with a thickness of 1.3 cm.

Fig. 3: Comparison of Monte Carlo and diode 12 MeV cross-plane 

profiles at depths of 0.5 cm, 2.7 cm, 4.7 cm and 8 cm  for 2 cm

diameter cerrobend insert.

Fig. 4: Monte Carlo and measured percentage depth dose curves for

12 MeV beam and 1 cm, 2 cm and 5 cm diameter cerrobend inserts.

Figure 3 shows the 12 MeV cross-plane profiles for the 2

cm cerrobend insert. Monte Carlo and measured profiles are

in good agreement at depths of 0.5 cm, dmax, in the fall-off

region and in the bremsstrahlung region of the beam. The

measured and simulated (bremsstrahlung) profiles at 8.0 cm

depth match to 2.2 %.  The field size of the profiles at 0.5

cm, dmax and in the fall-off are within 0.3 mm of measure-

ments. The percentage depth dose curves for 1 cm, 2 cm

and 5 cm cerrobend inserts are shown in figure 4. Monte

Carlo and diode depth penetration matches to 0.5 mm or

better.

Fig. 5: Percentage difference between Monte Carlo and Roos chamber

relative output factors for open applicators.

Relative  output  factor  measurements  were  performed

with a Roos parallel plate chamber. Figure 5 shows the per-

centage difference between Monte Carlo and Roos chamber

ROF for 6 – 21 MeV electron beams and open applicators

(relative to 10   10 cm2 applicator).  The differences be-

tween measurement and simulation are all within 1 %.

Careful  measurements  and  simulations  using  improved

source and geometry parameters have lead to closer matches

between measured and calculated dose distributions for ap-

plicator collimated electron fields [6].

IV. CONCLUSION

This work has shown that recent methodology used to

obtain accurate details on the source and geometry of the

treatment head for large electron field configuration remains

applicable for clinically relevant small electron fields. Mea-
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sured  and Monte  Carlo  calculated  data  generally showed

good agreement to 2 % or 1 mm. For the largest applicator

and higher energies dose profile differences of 2 – 3 % were

seen. This paper takes advantage of careful measurements

and accurate knowledge on the source and geometry of the

treatment head in order to validate Monte Carlo simulations

of applicator  defined  fields  and  subsequent  dose  calcula-

tions. 
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Abstract— Patient's respiration can have an effect on 
movement of tumor range and peripheral organs. Therefore, 
the respiratory signal was acquired by relation between 
external markers and movement of patient's abdomen during 
radiation therapy in order to minimize the effect of respiration. 
Based on this technique, many studies of radiation therapy to 
irradiate at particular part of stable respiratory signals have 
executed and they have been clinically applied. Nevertheless, 
the phase-based method is preferred to the amplitude-based 
method for the ration therapy related to respiration. Because 
of stabilization of the respiratory signal are limited. In this 
study, an in-house respiratory signal analysis program was 
developed for the phase reassignment and the analysis of the 
irregular respiratory signals. Various irregular respiratory 
patterns were obtained from clinical experimental volunteers. 
After then, the in-house program analyzed the factors affecting 
to phase assignment which is directly related to irradiate 
sector. The algorithms for separating individual respiratory 
signals are presented, which made use of baseline signals of 
input signal to identify the nodes between baseline signals and 
input signal. This method has advantages that the effect of 
possible signal drift and noise could be minimized. Therefore, 
we could achieve irregular peak reduction and noise immunity 
in phase assignment. Subsequently, accuracy of phase 
assignment was improved with removal of irregular signals by 
self-developed algorithm. Furthermore, this program also has 
a function to detect period and amplitude automatically. This 
study is considered to be useful for not only image 
reconstruction and elevation of irradiating accuracy through 
phase assignment of RPM system but also analysis of 
respiratory signals. Moreover, this respiratory analysis 
program can be applied to the 4D CT reconstruction using 
various respiratory sensors for the reduction of motion artifact.  

 
Keywords— Respiratory gated radiotherapy, Phase-based 

gating, Motion artifacts, Four-dimensional CT simulation 

I. INTRODUCTION  

In order to minimize the effect of organ motion induced 
by respiration, radiation treatment techniques allowing for 
intra-fractional organ motion has been investigated. Some 
motion-compensated treatment techniques including breath-
holds, active breathing control (ABC) and deep inspiration 

breath-hold (DIBH) have been used clinically [1], but are 
limited to patients who have a relatively good condition. 
The respiration gating techniques are being widely used in 
clinic. 

The gating techniques are categorized into amplitude 
gating and phase gating [2, 3]. The amplitude gating is that 
imaging or treatment is triggered when the breathing signal 
is at a certain position [4]. This method has advantages of 
managing internal organ motion amplitude assuming stable 
signal acquisition and insignificant baseline shift. In phase 
gating, imaging or treatment is triggered when the measured 
breathing phase is at a certain predefined angular phase [4].  

Especially, it has been suggested that beam-holding 
should be asserted when an irregular peak occurs due to 
external disruption such as tussis, saliva, sighing or 
swallowing. For accurate phase assignment, it should be 
removed the irregular peaks which were contained at 
patient's respiratory signals. However, if these irregular 
peaks were not removed, it could be generated the image 
artifacts, such as abrupt anatomic shifts due to tussis or 
saliva [5,6]. Therefore, several investigators have been 
reported methods for reducing the motion artifacts of 4D 
CT images and improving the image quality [1, 5, 6, 7, 8]. 

In this study, we developed an in-house respiratory signal 
analysis program based on respiration gating techniques 
with various breathing cases. The aim of this study was to 
evaluate the usability and the stability in phase assignment 
through the comparison of in-house respiratory signal 
analysis program with RPM system. Moreover, this 
respiratory analysis program can be conducted the extent to 
which the clinical effect of these image artifacts would be 
decreased. 

II. MATERIAL AND METHOD 

A. Acquisition of respiratory signal data 

We used an infrared reflective maker block and moving 
phantom (Varian Medical System Inc., Palo Alto, USA) 
having an elliptical disc with a size of 9 cm  8 cm for the 
simulation of patient’s respiratory movement. All 
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respiratory signals were obtained from Real-time Position 
Management System (RPM, Varian Medical System Inc., 
Palo Alto, USA), turbine type spiromter and stereo-camera 
as a reference signal for this study. 

5 cases of irregular respiratory signal pattern, which can 
be occurred in clinical, were considered and these cases 
were acquired 2 data through with 3 minutes of term from 
each 8 volunteers (Male 4, Female 4) for clinical. In the 
case of getting signals from volunteers, the turbine type 
spirometer is used and this device acquires the breathing 
amount as respiratory signals with rotor speed in the 
spirometer during patient’s respiration. 

B. In-house respiratory signal analysis program 

An in-house respiratory signal analysis program was 
developed using the LabVIEW 8.5 version programming 
language (National Instruments, USA). The in-house 
program of this study was performed similar to RPM 
system. Fig.1 shows a screen of the in-house program which 
is running for analysis of the respiratory signals. Each 
respiratory signal output has a form of ASCII text file which 
was used as an input for the program. The phase output file 
could be generated with the format compatible with the 
RPM output for retrospective 4D CT reconstruction. 

C. Analysis of respiratory signals 

In this study, acquisition of smooth signals was necessary 
before removing the irregular peaks. First of all, the system 
noise was removed by filtering the tracking system motion 
data the 7th-order Butterworth lowpass filter with a cut-off 
frequency of 2.5 Hz, assuming that anything greater than 
ten times average respiratory frequency ( 0.25 Hz) was 
noise or due to sources other than respiration.  

Linear phase allotment method is the most popularly 
used based on each peak point after detecting the peck of 
respiratory signals for general phase based radiation therapy. 
Previously, gradient based method were used and this  

Table 1 Cases of respiratory signal and mean & standard deviation of 8 
volunteers respiratory signal’s period 

Period 

Baseline Method Gradient Method Cases of respiratory signal 

Mean SD Mean SD 

1. Free Breathing 5.42  1.01  4.93  0.73  

2. Guided Breathing 5.42  1.01  4.93  0.73  

3. Guided Breathing + Saliva 5.44  0.45  5.35  0.51  

4. Guided Breathing + Tussis 6.57  1.45  4.42  1.85  

5. Breathing roughly 5.61  1.08  4.88  0.95  

6. Guided Breathing slowly 4.19  1.46  3.54  1.28  

 

Fig. 1 A screen-shot of the developed in-house program is shown, which 
enables user-friendly interface to analysis the respiratory signal. :  sensor 
type and file location,  selection of peak window width,  buttons of 
processing,  peak detection by baseline method,  phase assignment 
based on baseline method,  peak detection by gradient method,  phase 
assignment based on gradient method,  mean and standard deviation of 
respiratory signals’ period baseline method and gradient method 

method is to detect all peak points regarding as 1st 
differential value of ‘0’ after getting 2nd order equation. 
However, the gradient based method had a limitation to 
detect accurate peak points because of irregular respiration. 

Accordingly, the own algorithm was developed to 
resolve this problem. In order to generating a baseline 
which is the self developed algorithm, the filtered 
respiratory signals were reprocessed for generating a 
baseline of the original signal with low-pass filter at cut-off 
frequency of 0.25Hz. This baseline signal was overlapped 
with the original signal and figured. Nodes of the 
overlapped respiration graphs were detected, and then the 
peak point was defined as the maximum value among 
sampled values between the nodes. An inspiration or 
expiration invalid was considered because of the irregular 
respiratory signal patterns, if the amplitude was smaller than 
20% of previous mean peak to valley amplitude. (Fig.2) 
This caused some local errors but avoided the much greater 
between-breath inconsistency. Consequently, the 4D CT 
reconstruction did not model those small abnormal breaths.  
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Fig. 2 Peaks were removed if the difference between baseline and original 
signal was less than 20% of previous mean amplitude. 

Depending on the detected peak points, the interpolation 
and equation (1) were used for linear phase assignment. 

( ) 360 ( 360)pp

cp pp

t T
phase t

T T

−
= × ×

−  (1) 

t : current time (Tpp < t < Tcp) 
Tpp : Previous peak time  
Tcp : Current peak time 
 
Each signal was processed by the Fast Fourier Transform 

(FFT) and analyzed with MATLAB software for 
quantitative evaluation against to irregular peaks of 
respiratory signals. Furthermore, this in-house program 
analyzed the respiration signals with not only detection of 
peak but also automatic detection of period and amplitude. 

III. RESULT AND DISCUSSION 

In this study, respiratory signals were acquired from 
typically classified to 6 cases in clinical. The experiment 
was designed to measure the difference between baseline 
method and gradient method. Table 1 indicated the average 
period and amplitude of 8 volunteers with classification 
following baseline method and gradient method. As the 
table, baseline method figured the SD of period bigger than 
gradient method. It meant to increase the deviation of period 
with removal of irregular signals at baseline method. The 
other side, there was no huge statistical difference between 
both of methods in the case of amplitude. The standard 
deviation (SD) of breathing period representing the baseline 
method was shown stable compare with gradient method, 
but the difference was not statistically significant as shown 
in Table 1. (baseline method 5.44 ± 1.08 vs gradient method 
4.68 ± 1.01) Moreover, the SD of measured amplitude was 
reduced in baseline method. (baseline method 2.71 ± 0.98 
vs gradient method 2.71 ± 1.10) As well as, quantitative 

evaluation was performed about sudden or irregular signals 
due to FFT signal processing. 

Fig.3 also shows inaccurate phase assignment when all 
irregular peaks were detected and diverted following existed 
gradient method. Especially, at the section of 60-70 and 
100-110, existed gradient method was shown inaccuracy of 
phase assignment because gradient method recognized the 
sudden tussis as the peak signal. On the other hand, baseline 
method which was self-developed algorithm confirmed 
accurate phase assignment with removal of error peak 
detection due to tussis. It was also verified superior peak 
detection with the suggested baseline method at respiratory 
signals which contained irregular period changes and drifts 
of amplitude. The baseline method also showed efficient 
peak detection and accurate phase assignment at irregular 
respiratory signals in variety clinical situation, such as 
nonrecognition at swallowing patient’s saliva, phase 
assignment of excessive peak detection, wide assignment of 
period & amplitude due to irregular respiration, etc.  

 
 
 

 

 

(a) 

Gradient Method 

Baseline Method 
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Fig. 3 Respiratory traces were processed for phase assignments using the 
previous baseline method and the proposed gradient method. Respiratory 
signals are drawn by white lines with peaks marks as red and green dots, 
and the baselines are overlaid with red dashed lines in the upper figures. 
Corresponding phase results are drawn below the respiratory traces which 
were assigned linearly based on successive peak locations. The baseline 
method excludes irregular peaks for correct phase assignments while the 
irregular peaks remained with the gradient method resulting in complicated 
phases. (a) indicates the case 4 of V7’s respiratory signal and (b) indicates 
the case 5 of V8’s respiratory signal. 

IV. CONCLUSIONS  

In this study, we developed and verified the respiratory 
signal analysis program by comparing the output of a 
spirometer and a stereo camera with RPM output file. And 
we also evaluated the performance of removing irregular 

peaks. In addition, the guided-breathing was more stable 
and regular than Free-breathing case. Therefore, guiding 
system was effective in improving the temporal regularity 
and maintaining a more even accurate phase assignment. 
The developed respiratory signal analysis program can be 
applied to the 4D CT reconstruction using various 
respiratory sensors for the reduction of motion artifact. 
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Abstract— It was recognized recently that uptake character-
istics of PET images could be used for planning and adapting 
radiotherapy treatment based on predicted outcome risks of 
individual patients. In this work, we are investigating PET 
uptake features as prognostic factors for patients with non-
small cell lung cancer (NSCLC). Methods based on intensity-
volume histogram (IVH) and extracted morphological features 
from regions of interest (ROI) such as shape deformations and 
texture heterogeneity are evaluated.  Seventeen NSCLC pa-
tients who received 3D-CRT are analyzed. Sixteen patients 
with pre-radiotherapy FDG-PET were analyzed for local fail-
ure using the gross tumor volume (GTV) as ROI. Nine patients 
with post-radiotherapy FDG-PET were analyzed for pneu-
monitis. The lung minus GTV was selected as the ROI in this 
case. About thirty candidate variables were extracted from 
each case, which included: ROI volume, SUV descriptors, total 
lesion glycolosis (TLG), IVH variables, and local texture vari-
ability metrics. Model building approaches based on logistic 
regression and machine learning were evaluated and corre-
sponding Spearman’s rank correlation (rs) was reported. Our 
preliminary results for local failure indicate that GTV and 
TLG had the highest correlation (rs= 0.476, p=0.031) while 
meanSUV, maxSUV, and local texture homogeneity showed 
modest association. A combined logistic model of TLG and 
V90 yielded rs=0.616 (p=0.009). This is slightly improved using 
a quadratic kernel (rs=0.644, p=0.006). In pneumonitis analy-
sis, local contrast and homogeneity had the highest correlation 
with rs=0.725 and rs=-0.725 (p=0.014). These results imply 
intensity-volume effect in predicting local failure and signifi-
cant local heterogeneity association in predicting onset of 
pneumonitis.  

Keywords— PET imaging, radiotherapy outcomes, prediction, 
heterogeneity, intensity histograms. 

I. INTRODUCTION  

In recent years, there has been increased use of positron 
emission tomography (PET) in radiotherapy treatment plan-
ning and monitoring. In particular, [18F]Fluoro-2-deoxy-d-
glucose (FDG), a glucose metabolism analog, has been 
frequently used in clinical practice for tumor detection, 
staging, and radiotherapy target definition of different can-
cer sites[1-3]. More recently there has been accumulating 
evidence that pre-treatment FDG uptake could be used as a 
prognostic factor for predicting radiotherapy treatment out-
comes [4-7]. This was motivated by the fact that tumor 

uptake is dependent on the characteristics of its microenvi-
ronment[8]. Typically, quantitative analysis of FDG uptake 
is conducted based on observed changes in the standardized 
uptake value (SUV).  However, SUV measures by them-
selves might be impacted by the initial FDG uptake inten-
sity, radiotracer distribution, and changes in tumor volume. 
These factors and others might make such approach prone 
to significant intra- and inter-observer variability [6, 7]. 
Alternatively, there has been some effort in the literature 
directed towards utilizing variations in the FDG distribu-
tion, characterized by its heterogeneous shape and texture, 
as potentially more robust prognostic metrics. Visual as-
sessment was used in Kalff et al.[6] to evaluate heterogene-
ity in FDG for patients with locally advanced rectal carci-
noma  and a simple pattern recognition technique was 
applied in Hicks et al. for patients with non-small cell lung 
cancer [7]. Spatial heterogeneity metric based on deviation 
from an idealized ellipsoid structure (i.e., eccentricity), was 
found to have strong association with survival in patients 
with sarcoma [9, 10].  

In this work, we are exploring two categories for sum-
marizing and extracting reliable information from PET 
images. This information would be used for deriving prog-
nostic metrics in outcome analysis and could potentially be 
incorporated into treatment planning systems to individual-
ize radiotherapy procedures for patients based on their pre-
dicted relative risk. The first category is a generalization of 
the dose-volume histogram (DVH) concept into functional 
imaging. This is referred to as intensity-volume histogram 
(IVH). An IVH in this case would summarize the 3D func-
tional imaging information into a single curve for each 
anatomic structure of interest. Like its DVH counterpart, an 
IVH may be represented in two forms: the cumulative inte-
gral IVH and the differential IVH. Only the cumulative IVH 
is considered here, which is a plot of the volume of a given 
structure as a function of image intensity (or normalized 
SUV) that is equal or higher than a certain value. The sec-
ond category utilizes extraction of shape and texture fea-
tures that would characterize anatomical structure of inter-
est. In addition to geometrical shape features such as 
eccentricity and solidity,[9] we will focus on a set of fea-
tures known collectively as second-order histogram statis-
tics or co-occurrence matrix features [11]. These features 
enjoy strong discriminant power and ability to mimic hu-
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man perception of texture variability. Therefore, they have 
been widely applied in many complex industrial and medi-
cal pattern recognition tasks [12-14].  

II. MATERIALS AND METHODS 

A. Datasets 

This is a pilot study of 17 NSCLC patients who received 
3D-CRT with a mean follow-up period of one year. Sixteen 
patients with pre-RT FDG-PET were analyzed for endpoint 
of local failure (37.5% rate) with gross tumor volume 
(GTV) as the region-of-interest (ROI). Nine patients under-
went post-RT FDG-PET and were analyzed for pneumonitis 
(22.2% rate) with lung minus GTV as ROI. 

 
B. Extracted PET features 

 Standard uptake value (SUV) descriptors: Scans were 
transferred using DICOM protocol into CERR [15], where 
the intensity values were converted into SUVs. Statistical 
descriptors such as maximum, minimum, mean, standard 
deviation (SD), and coefficient of variation (CV) were ex-
tracted. 

Total lesion glycolysis (TLG): This is given by the vol-
ume and mean SUV product.  

Intensity-volume histograms (IVH): This category is a 
generalization of the dose-volume histogram (DVH) con-
cept into functional imaging. An IVH in this case would 
summarize the 3D functional imaging information into a 
single curve for each anatomic structure of interest. Like its 
DVH counterpart, an IVH may be represented in two forms: 
the cumulative integral IVH and the differential IVH. Only 
the cumulative IVH is considered here, which is a plot of 
the volume of a given structure as a function of image in-
tensity (or normalized SUV) that is equal or higher than a 
certain value. This method would allow for extracting sev-
eral metrics from functional images for outcome analysis 
such as Ix (minimum intensity to x% highest intensity vol-
ume), Vx (percentage volume having at least x% intensity 
value), and descriptive statistics (mean, minimum, maxi-
mum, standard deviation, etc). Note in case of PET, the 
image intensity values are normalized into SUVs. As meas-
ures for analyzing PET heterogeneity using IVH we consid-
ered Ix and Vx in addition to difference metrics (cf. Tables).. 

Image-based texture and shape features: The textureb-
features are based on second-order joint conditional prob-
ability density function of a given texture image. The   ele-
ment of the co-occurrence matrix for an anatomical 
structure of interest represents the number of times that 
intensity levels i and j occur in two voxels separated by 
distance (d) in direction (a). In our implementation d was 

set to a single voxel size, and a was selected to cover the 
26-connected neighborhood in 3D space. For an image with 
M intensity levels, the co-occurrence matrix size is MxM . 
The M levels were obtained by applying a non-uniform 
quantization method to limit the size of the matrix and 
speedup computation. Metrics extracted from these would 
include energy, contrast, local homogeneity, and entropy. 
The shape-based features are geometrical attributes related 
to eccentricity, number of holes in an object (Euler num-
ber), solidity of the shape, and its extent. Detailed descrip-
tion of these features could be found in El Naqa et al [16]. 

 
C. Statistical analysis 

We evaluated model building approaches based on logis-
tic regression and machine learning [17]. Statistical associa-
tion was measured using Spearman’s rank correlation (rs). 

III. EXPERIMENTAL RESULTS  

A. Local tumor failure 

In Table 1, we summarize the different FDG-PET char-
acteristics correlations with local failure. It is noticed that 
tumor volume and TLG had the highest correlation of rs= 
0.476 (p=0.031). The meanSUV (rs= 0.252, p=0.173) and 
max SUV (rs=0.364, p=0.083), local texture homogeneity 
(rs= 0.196, p=0.233) showed modest association. Other 
significant variables included I90 (rs=0.434, p=0.046) and 
V90 (rs=-0.420, p=0.053). Using logistic regression, a com-
bined model of TLG and V90 yielded rs=0.616 (p=0.009) 
indicating an intensity-volume effect. This association is 
slightly improved using a quadratic kernel mapping 
(rs=0.644, p=0.006). A sample pre-treatment FDG PET 
image of a patient who recurred is shown in Figure 1. 

 

Table 1. Univariate local failure analysis using FDG-PET characteristics. 

Variable Spearman (rs) P-value 

Tumor volume 0.4761 0.0311 

Maximum 0.3641 0.0828 

Minimum 0.4497 0.0402 

Mean 0.2521 0.1732 

    SD 0.2521 0.1732 

CV -0.1400 0.6975 

SUV 
Measurements 

TLG 0.4761 0.0311 

I10 0.2240 0.2021 

I90 0.4344 0.0463 

V10 0.3081 0.1229 

IVH 
Intensity-volume 

metrics 

V90 -0.4201 0.0526 
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Slope 0.2801 0.1467 

Energy 0 0.5 

Contrast -0.1400 0.6975 

Local homo-
geneity 

0.1960 0.2334 
Texture-based 

features 

Entropy -0.0280 0.5410 

 
 
 

Fig. 1 Pre-treatment FDG PET image of a patient who recurred with an 
SUVmax=13.7. Note the large tumor volume and the high uptake in the 
ttumor region. 

 
 
 

B. Radiation induced pneumonitis 

In Table 2, we summarize the different FDG-PET fea-
tures correlations with radiation-induced lung inflammation 
(pneumonitis). It is noticed that local contrast and homoge-
neity had the highest correlation of rs=0.725 and rs=-0.725 
(p=0.014), respectively demonstrating a strong morphologi-
cal uptake effect. Other noticeable correlates included V90 
(rs=0.621, p= 0.037), Lung –GTV volume (rs= -0.518, 
p=0.077), maxSUV (p=-0.416, p=0.133) and meanSUV 
(rs=-0.207, p=0.294). Model building methods did not yield 
further improvement in this case. A sample pre-treatment 
FDG-PET image of a patient who developed post-radiation 
pneumonitis is shown in Figure 2. 

 
 
 

Table 2. Univariate pneumonitis analysis using FDG-PET characteristics. 

Variable Spearman (rs) P-value 

Tumor volume -0.5175 0.0768 

Maximum -0.4158 0.1329 

Minimum 0.5128 0.0790 

Mean 0.2521 0.1732 

    SD -0.1035 0.6045 

CV -0.2070 0.7035 

SUV 
Measurements 

TLG -0.7246 0.0136 

I10 -0.1039 0.6049 

I90 0.0520 0.4472 

V10 -0.1035 0.6045 

V90 0.6211 0.0371 

IVH 
Intensity-volume 

metrics 

Slope -0.1035 0.6045 

Energy -0.3105 0.7920 

Contrast 0.7246 0.0136 

Local homo-
geneity 

-0.7246 0.0136 
Texture-based 

features 

Entropy 0.5175 0.0768 

 

 
 

 

Fig. 2 Post-treatment FDG-PET image of a patient who developed radia-
tion pneumonitis recurred with an SUVmax=5.1. Note the heterogeneity 
within the uptake region in the lung area.  
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IV. CONCLUSIONS  

We have explored new approaches based on pattern rec-
ognition analysis of FDG-PET uptake to assess response in 
lung cancer patients. Two endpoints corresponding to local 
failure and pneumonitis were studied. In our preliminary 
analysis, we observed strong intensity-volume effect in 
predicting local failure and significant local homogeneity 
association in predicting onset of pneumonitis. Analysis on 
larger datasets would be required to elucidate these observa-
tions. 

ACKNOWLEDGMENT 

This work was partially supported by National Cancer 
Institute 5K25CA128809-01A2 and Barnes Jewish Hospital 
Foundation 6661-01. 

REFERENCES  

 
1. Biersack, H.J., H. Bender, and H. Palmedo, FDG-PET in monitoring 

therapy of breast cancer. Eur J Nucl Med Mol Imaging, 2004. 31 
Suppl 1: p. S112-7. 

2. Bradley, J., et al., Impact of FDG-PET on radiation therapy volume 
delineation in non-small-cell lung cancer. Int J Radiat Oncol Biol 
Phys, 2004. 59(1): p. 78-86. 

3. Mutic, S., et al., PET-guided IMRT for cervical carcinoma with 
positive para-aortic lymph nodes-a dose-escalation treatment plan-
ning study. Int J Radiat Oncol Biol Phys, 2003. 55(1): p. 28-35. 

4. Brun, E., et al., FDG PET studies during treatment: prediction of 
therapy outcome in head and neck squamous cell carcinoma. Head 
Neck, 2002. 24(2): p. 127-35. 

5. Hope, A.J., P. Saha, and P.W. Grigsby, FDG-PET in carcinoma of the 
uterine cervix with endometrial extension. Cancer, 2006. 106(1): p. 
196-200. 

6. Kalff, V., et al., Findings on 18F-FDG PET scans after neoadjuvant 
chemoradiation provides prognostic stratification in patients with lo-
cally advanced rectal carcinoma subsequently treated by radical sur-
gery. J Nucl Med, 2006. 47(1): p. 14-22. 

7. Hicks, R.J., et al., Early FDG-PET imaging after radical radiother-
apy for non-small-cell lung cancer: Inflammatory changes in normal 
tissues correlate with tumor response and do not confound therapeu-
tic response evaluation. Int J Radiat Oncol Biol Phys, 2004. 60(2): p. 
412-418. 

8. Pugachev, A., et al., Dependence of FDG uptake on tumor microenvi-
ronment. Int J Radiat Oncol Biol Phys, 2005. 62(2): p. 545-53. 

9. O'Sullivan, F., S. Roy, and J. Eary, A statistical measure of tissue 
heterogeneity with application to 3D PET sarcoma data. Biostat, 
2003. 4(3): p. 433-448. 

10. O'Sullivan, F., et al., Incorporation of tumor shape into an assessment 
of spatial heterogeneity for human sarcomas imaged with FDG-PET. 
Biostat, 2005. 6(2): p. 293-301. 

11. Haralick, R., K. Shanmugam, and I. Dinstein, Texture Features for 
Image Classification. IEEE Trans. on Sys. Man. and Cyb. SMC, 
1973. 3(6): p. 610-621. 

12. Mudigonda, N.R., R. Rangayyan, and J.E.L. Desautels, Gradient and 
texture analysis for the classification of mammographic masses. 
Medical Imaging, IEEE Transactions on, 2000. 19(10): p. 1032-1043. 

13. Soh, L.K. and C. Tsatsoulis, Texture analysis of SAR sea ice imagery 
using gray level co-occurrence matrices. Geoscience and Remote 
Sensing, IEEE Transactions on, 1999. 37(2): p. 780-795. 

14. Andre Victor, A., et al., Complexity curve and grey level co-
occurrence matrix in the texture evaluation of breast tumor on ultra-
sound images. Medical Physics, 2007. 34(2): p. 379-387. 

15. Deasy, J.O., A.I. Blanco, and V.H. Clark, CERR:  A Computational 
Environment for Radiotherapy Research. Med Phys, 2003. 30: p. 979-
985. 

16. El Naqa, I., et al., Exploring feature-based approaches in PET images 
for predicting cancer treatment outcomes. Pattern Recognition, 2009. 
42(6): p. 1162-1171. 

17. El Naqa, I., et al., Multi-variable modeling of radiotherapy outcomes 
including dose-volume and clinical factors. Int J Radiat Oncol Biol 
Phys, 2006. 64(4): p. 1275-1286. 

 
 
 
Corresponding author: 
 

Author: Issam El Naqa 
Institute: Washington University in St. Louis, Department of Radia-

tion Oncology 
Street: 4921 Parkview Place, LL, Campus Box 8224 
City: St. Louis, MO 63110 
Country: United States 
Email: elnaqa@wustl.edu

 
 
  

Predicting Response in Lung Cancer from FDG-PET Uptake Characteristics 659 

  
 IFMBE Proceedings Vol. 25  
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Abstract— Treatment effect of malignant brain tumors 
including astrocytoma and glioma has showed low survival 
and frequent tumor recurrence. Several clinical study, 
however, reported that dose escalation with chemotherapy 
produced better prognosis than conventional radiation therapy. 
Thus, we investigated feasibility and advantage of integrating 
apparent diffusion coefficient (ADC) map in treatment 
planning to determine the dose escalation region. 

 Multimodal image sets of glioma and astrocytoma were 
acquired with CT, contrast-enhanced T1, fluid attenuated 
inversion recovery (FLARE), and diffusion weighted (DW) 
magnetic resonance (MR) images. ADC map was obtained 
from DW images and it was converted into the ADC ratio 
divided by the average ADC of normal parenchyma in 
contralateral brain. ADC ratio was used as quantitative 
criteria representing tumor malignancy and gross tumor 
volume (GTV) was differentiated by the level of the ADC ratio. 
GTV of each mulimodal images and stratified regions by ADC 
ratio were registered on CT using rigidbody registration.  

More progreesed tumor region was distinguished in GTV 
and location of the most malignant tumor in 3D space was also 
resolved by the ADC ratio. Multimodal images and ADC ratio 
map were complementary to describe more reliable tumor 
contour. The advanced radiation treatment planning reflecting 
biological tumor characteristic was attempted using the ADC 
map.  

ADC ratio was useful to stratify the tumor in regard to 
malignancy and it was suggeted a quantitative criteria to 
dermine the dose escalation region.  

 

Keywords— dose escalation, apparent diffusion coefficient map, 
treatment planning, multimodal images, 
malignant brain tumor 

 

I. INTRODUCTION  

Radiation therapy has been performed with other concur-
rent therapy to effectively control the most frequent brain 
tumors. Treatment results of glioma and astrocytoma, how-
ever, have showed poor prognosis [1] and glioma 
represented the recurrence propensity in the irradiated vo-

lume within gross tumor volume (GTV) [2]. Thus, another 
treatment has been attempted to improve treatment effect 
and several clinical studies recently have reported that dose 
escalation within the planning target volume (PTV) would 
be helpful to increase survival under the acceptable toxicity 
of brain parenchyma [3].  

T1 weighted and fluid attenuated inversion recovery 
(FLARE) images have been suggested to determinate GTV 
in central nervous system. However, dose escalation of 
tumor indicating more malignancy would be considered to 
improve the radiation treatment effect based on the biologi-
cal images such as apparent diffusion coefficient (ADC) 
map. 

ADC describes limited molecular water diffusion of 
intracellular space to that of extracellular space [4]. Func-
tional ADC map shows individual patient’s different histo-
pathology information of tumor such as cellularity which is 
related with tumor grade. Thus, ADC could be used as the 
preclinical biomarker not only to discriminate the tumorous 
tissue from normal tissue but also to stratify GTV in regard 
of degree of malignancy [5]. As tumor grade is increased, 
average ADC and minimum ADC of tumor probably indi-
cate lower value [6]. Moreover, DW images of high resolu-
tion do not require contrast administration and long scan 
time compared with MR spectroscopy images or positron 
emission tomography.  

Therefore, ADC map could be used as the quantitative 
and useful criteria to distinguish the more malignant tumor 
in GTV and to deliver inhomogeneous target dose. In this 
study, feasibility and implication of integrating ADC map 
and other multimodal images with CT were investigated for 
radiation treatment planning of malignant brain tumors. 

II. MATERIALS AND METHODS 

A. Patients and image acquisition 

Three patients (1 woman with glioma, 2 men with astro-
cytoma and glioma; 57, 67, 42 years) underwent the CT and 
MR imaging including DW imaging. Imaging were per-
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formed on a 1.5T MR unit of General Electric SIGNA sys-
tem (GE Medical System, Milwaukee, Wisc.,USA) and on  
a CT unit of GE 9800 Quick System (General Electric Med-
ical Systems, Milwaukee, WI, USA.). Conventional MR 
images containing gadolinium-enhanced T1 weighted (CE-
T1) images (500/13 milliseconds TR/TE, 1 excitation) and 
fluid attenuated inversion recovery (FLAIR) images 
(8000/130/ 2000 milliseconds TR/TE/TI, 1 excitation) were 
obtained with 5mm slice thickness and 1mm intersection 
gap, 240 x 240 mm field of view (FOV). CT and contrast 
enhanced CT (CE-CT) images were also acquired using the 
same slice thickness, intersection gap and 240mm in recon-
structed diameter . 

 
B. Diffusion weighted images evaluation  

Diffusion weighted images were obtained with single-
shot echo-planar spin-echo sequence, 65 milliseconds TE, 
2640 milliseconds TR, 1 excitation. At two different diffu-
sion coefficients (b=0, 1000 s/mm2), DW images of 5mm 
thickness with no intersection gap were acquired and they 
were obtained in 3 orthogonal directions for isotropic ADC 
map.  

To quantitatively differentiate intra tumor volume in re-
gard to tumor progression, each ADC of voxel unit was 
divided into the average ADC of normal brain parenchyma 
in contralateral brain region. ADC map was then converted 
into the ADC ratio map and ADC ratio on each voxel was 
used as the criteria to classify the degree of tumor malig-
nancy. Tumorous tissue which appears lower ADC ratio 
than average ADC ratio as much as standard deviation (SD) 
of it was determined for dose escalation region. In addition, 
the minimum value of ADC ratio within GTV was used as 
the supplementary basis to stratify tumor. Variation of aver-
age ADC ratio and minimum ADC ratio in tumor was also 
evaluated at each slice to resolve the location of the most 
malignant tumor in 3D space [6]. 

 
C. Image registration and contour extraction 

Image registration was performed with CE-T1, FLARE, 
CE-CT images, ADC ratio map including intensified tumor 
region and CT which was served as the reference image. 
Rigid body registration in image registration toolkit (ITk) 
was used and one of obtained consequent images indicate 
differences between fixed reference image (CT) and moving 
image (CE-T1, FLARE, CE-T1).Thus, the registration result 
brought out the outstanding tumor region under the position 
matching between two images and each tumor contour 
represented in MR and CT images was automatically ex-
tracted from registration results. Contours were overlaid on 
CT for finding out GTV of multimodal images and they 

were applied in radiation treatment planning. Other image 
processimg was implemented in Matlab (MATLAB, version 
R2008a, The MathWorks, Natick, MA) and GTV from MR 
and CT images were all compared on the same CT for more 
accurate depicting GTV. In addition, each GTV from mul-
timodal images were integrated and it was referenced to 
resolve clinical tumor volume (CTV).  

III. RESULTS 

Astrocytoma region was automatically differentiated into 
three parts based on the ADC ratio; upper region above 
mean ADC ratio + SD, average region as much as mean 
ADC ratio ± SD, lower region below mean ADC ratio - SD 
(Fig. 1). The ADC ratio map provided relative and quantita-
tive evaluation basis to stratify the target dose level within 
GTV as well as to demarcate tumor from normal brain tis-
sue. It was helpful to obtain the sharp contour of tumor 
based on the ADC variation reflecting inner tumor characte-
ristic.  

To acquire the suggested information of tumorous tissue 
from each multimodal image in the same coordination, all 
of used MR, DW and CE-CT images were registered with 
reference CT (Fig. 2(a)-(d)). Shaded region on ADC ratio 
map (Fig. 2(a)) corresponded lower ADC value than that of 
the rest GTV and others showed the each GTV from multi-
modal images (Fig.2 (b)-(d)). Compared with other registra-
tion images, multimodal images represented the slight dif-
ferent responded tissue by contrast and deviated location of 
tumor each other. 

In this patient case, ADC map and CE-CT showed simi-
lar shape and the tumor volume of ADC map was approx-
imately 1.5 times smaller than that of T1, T2 images. Ob-
tained tumor contour from MR and CE-CT images were int- 

 

 

Fig. 1 ADC ratio map of astrocytoma patient 
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Fig. 2 Multimodality images registered with  CT  
(a) ADC ratio map and CT (b) FLARE and CT 

(c) CET1 and CT (d) CECT and CT 

egrated for CTV and differentiated regions for dose escala-
tion were all overlaid on CT (Fig.3). A portion of subdi-
vided region indicating lower ADC ratio was coincided with 
the inner integrated GTV and rest of region was deviated 
from the integrated GTV. The deviated region appeared the 
above 2 in ADC ratio. Overlapped region with combined 
GTV and the region simultaneously showing lower ADC 
ratio would be recommended for resolving malignant tumor.   

 ADC ratio was also used to determine the most malignant 
tumor in 3D volume. Average ADC ratio and minimum 
ADC in GTV were analyzed at each slice (Fig.4) and the in- 
 

 

 Fig. 3 Tumor contour based ADC ratio and integrated  
GTV of multimodal images for astrocytoma patient 

 

Fig. 4  ADC ratio variation at each slices 

terest region for the dose escalation could be estimated by 
the variation of lower ADC ratio. The slice which has the 
least ADC ratio also showed lower average ADC ratio. The  
variation of minimum ADC, thus, was also useful to find 
the most progressed tumor location . 

 Dose escalation region was also determined for two gli-
oma patients in the same method using the ADC ratio map 
(Fig.5 (a), (c)) and multimodality images. In glioma case, 
obtained tumor contour from ADC ratio map did not show 
the clear demarcation, however, CE-T1 and CE-CT images 
were helpful to derive the contour of the GTV. ADC ratio 
diversity within the tumor and the lower ADC ratio allowed 
the GTV to stratify several regions for inhomogeneous 
target dose (Fig.5) in terms of tumor malignancy. In glioma 
patients, ADC map displayed complex and diversity value 
at each tumor location and characteristic and low ADC ratio 
was produced in several slices. However variation of aver-
age ADC ratio was more uniform than that of the astrocy-
toma.   

IV. DISCUSSION  

Quantitative value of ADC ratio and its variation were use-
ful to determine more convinced tumor location and to 
reflect the tumor malignancy for dose escalation. Moreover 
using the multimodal images including respectively differ-
ent tumor characteristic were complementary to derive more 
realiable geometric and biological tumor information. If the 
ADC map would be used, the advanced planning for indi-
vidual patient is likely to be performed based on the images  
and the functional map would help to decrease error of tum- 

(a) (b) 

(c) (d) 
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Fig. 5. Tumor contours and ADC ratio variation of two patients of glioma 
(a),(c) Tumor contours based on the ADC ratio and the integrated GTV 

(b),(d) ADC ratio and minimum ADC variation at each slice  

or contour between inter observers.  
However, malignant tumor inherently shows complex 

and integrated biology even in intra tumor and average 
ADC value and its range based on selected the region of 
interest (ROI) might not entirely include inhomogeneous 
characteristic of tumor. The correlation between various 
tumor characteristic including grade, metastasis, necrosis in 
diagnosis and ADC value have been studied, however the 
universal applicable criteria to differentiate the tumor ma-
lignancy is controversial. As the voxel size of used ADC 
map is considered (0.9 x 0.9 x 5 mm3), acquiring the pre-
cisely microscopic ADC value of each tumorous tissue 
would be difficult. Thus the analysis of the ADC map re-
quires careful post processing and accurate image registra-
tion verified the registration accuracy.  

 If the further study is achieved about the relation between   
dose level and tumor response, ADC map will be more 
useful tool for adaptive radiation therapy and biological 
planning with optimized biological dose calculation.  

V. CONCLUSIONS  

ADC ratio map was useful to determine dose escalation 
region for more effective radiation treatment in malignant. 
brain tumors. ADC ratio reflecting tumor malignancy pro-
vided the biologically quantitative criteria to stratify intra 
tumor and the contour of stratified regions overlaid on CT 
could be used in treatment planning system. ADC map 
allowed the malignant brain tumor regions to deliver inho-
mogeneous target dose and the functional map would be 
used for adaptive therapy reflecting individual patient’s 
biological characteristic. 
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Abstract— One of the utmost important in electron 
dosimetry is the determination of electron backscatter factor 
(EBF). It contributes to the patient dose when treating 
superficial tumors with lead shielding. In this study, we 
performed a comparative analysis of EBF between 
experimental measurements and Monte Carlo simulations in 
the low electron energy region. 6 MeV electron beams from a 
clinical linear accelerator machine were used to determine 
experimental measurements of EBF by measuring with 
polystyrene and radiochromic film with and without lead. The 
Penelope Monte Carlo code simulated the same apparatus of 
measurements. Values of EBF obtained show trends similar to 
the experimental and calculated results of the literature. The 
measured and calculated EBF’s in this study have maxima at 
the mean energy of 3.59 MeV, which agrees on the data of the 
literature.  However, our EBF’s, in particular measured values, 
are 20%-30% higher in the mean energy investigated than the 
data of the literature. 

Keywords— Electron beam, backscatter factor, Monte Carlo, 
and radiochromic film 

I. INTRODUCTION  

For many treatments using the high energy electron 
beams it becomes necessary to shield the normal tissues 
beyond the treatment target. Specifically, for the treatments 
of the eyelids, buccal mucosa, etc. the underlying structures 
have to be protected. The most common shielding material 
used is lead. The use of high atomic number materials such 
as lead results in scatter of electrons upstream, defined by a 
quantity called Electron Back Scatter Factor (EBF). EBF 
causes high doses to the adjacent tissue. Among the 
numerous investigators, Klevenhagen, et al., measured the 
EBFs for a wide range of electron energies. Werner used 
Boltzmann equation to derive EBF. Tabata and Ito 
calculated the EBFs using a multilayer depth dose code 
called EDMULT. These calculations showed the general 
trend of EBFs increasing with decreasing energies, but all 
the values were lower than those measured by Klevenhagen, 
et al. and Tabata, et al. suggested Monte Carlo calculations 
to explain the experimental measurements. Below 5 MeV 
data of Klevenhagen showed decrease in the EBF values. 
No other measurements are available below energies lower 
than about 5 MeV. We measured the EBFs from mean 

electron energies of about 2 to 6 MeV. We also used 
electron/photon Monte Carlo code PENELOPE, simulated 
the experimental setup and calculated the EBFs for the same 
range of mean electron energies.  

II. MATERIALS AND METHOD 

The computer code PENCYL is best fit for this study. It 
is a user code of the PENELOPE system, which performs 
Monte Carlo simulation of coupled electron-photon 
transport in arbitrary materials for a wide energy range-from 
a few hundred eV to about 1 GeV. The code has a user 
flexibility to describe any 3D material system consisting of 
a number of homogeneous bodies that can be described by 
cylindrical surfaces. The photoelectric cross-sections used 
in PENELOPE are obtained by interpolation in a numerical 
table that was extracted from the LLNL EPDL97. 

In the simulation (Fig. 1), we assumed a diverging 
electron beam of 6.33 MeV which is incident on the water 
phantom with a field size of 10 cm × 10 cm.  The incident 
energy was determined using Eq. (1) and the measured Rp of 
clinical 6 MeV electron beam: 

,95.1/)48.0( 0 −= ERp                                                (1) 

where Rp [g/cm2] is the practical range of electron beam and 
E0 [MeV] is the initial energy. The tallying air cavity is an 
infinitesimal cylinder of 0.08 cm diameter × 0.08 cm 
inserted into a water layer and interfaced with a lead layer 
on the exit side. For each of simulation geometry, 107 
electrons (histories) were simulated in PENELOPE, which 
all produced statistical uncertainties in dose of less than 5%. 
The mean energies (Em) of incident electrons at the tallying 
cylinder vary with thicknesses of the water layer above the 
cavity, which ranges from 0.4 cm to 1.9 cm with a 0.3 cm 
increment. The mean energy was determined using Eq. (2): 

)./1(0 pm RtEE −=                                                        (2) 

The weak energy dependence and near tissue-equivalence 
of radiochromic films (RCF) make them suitable for 
measurement of radiation doses in a minuscule region of 
interest with high dose gradients. The various types of RCFs 
are distributed as a name of Gafchromic film (by 
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International Specialty Products, Wayne, NJ, USA). 
 We scanned HS Gafchromic films by using a filtered LED-
diode spot densitometer (Nuclear Associates Model 37-443). 
This system is optimally designed with a light source, which 
gives a high intensity spectrum centered at 671 nm. The 2 
mm diameter aperture is coupled to an 11 nm band pass 
filter centered near the major peak of the GafChromic film 
absorption spectrum (675 nm). The system has a dynamic 
range of measurable optical densities from 0.00 to 4.00, 
with a stated accuracy of ±0.02 over the specified range.  
Six pieces of HS films (each of 0.5 cm × 0.5 cm in 
dimension) were exposed to the following doses: 1, 2, 3, 4, 
5 and 6 Gy and scanned 3 hours after irradiation.  The 
relationship between OD (optical density) vs. doses was 
shown in the Fig. 2. The ODs of the films exposed with a 
water phantom and with a lead backscatter were converted 
into doses by using this linear relationship shown in Fig. 2. 
 

 

 
Fig. 1. Schematic representation of the use of diverging electron beam of 

6.33 MeV incident on the cylindrical water and lead phantom for the 
PENCYL code. 
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Fig. 2. Relationship between dose vs. optical density (OD) of HS 
Gafchromic films exposed by 6 MeV electron beam. 

 
 

Fig 3 shows the actual setup of electron backscatter 
factor measurement. Source to film-surface distance is 105 
cm. The distance is fixed in all measurement. Varian 2100C 
is used to produce 6 MeV electron beam with dose rate of  
400 MU/min. The field of electron beam is circular shape 
with a diameter of 10 cm  

 The measurement was performed without lead sheet. 
The back scatter material used is a polystyrene with a 
thickness of 5 and an area of 25 25 . The HS film was 
attached on top of the polystyrene. The film was exposed to 
the following energies: 5.49, 4.85, 4.22, 3.59, 2.95, and 2.32 
MeV. The electron energy was adjusted according to the 
depth (from the surface of water to film.).  

The next batch of measurements was done with lead 
sheet as the back scatter material. The lead sheet was 
thickness of 3cm and an area of 5 5  The film was 
placed on the surface of the lead sheet. The same energies 
were used as in the previous set-up. 

   

 
(a) 

 
(b) 
Fig 3. Actual water phantom setup on Varian 2100C linear accelerator: 

(a) polystyrene with film,  (b) polystyrene with film and lead. 
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III. RESULTS 

 
Table 1. shows the result of Monte Carlo simulation and 

measured dose using HS film. When HS film was read by 
densitometer, relative error of the netOD is about 0.2% 
from 3 Gy to 4 Gy. It gives an approximate of 4cGy dose 
error, therefore, it is negligible. Calculated EBF was higher 
than measured data. In case of 4.85 MeV and 2.32 MeV 
energies, calculated EBF was smaller. There is a directly 
proportional relationship in both Monte Carlo calculation 
and measured data from 2 to 5 MeV, 

 
Table 1. Summary of  result 
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Fig 4 Difference in BSF (Back Scatter Factor) calculated by PENCYL 

code and measured using HS Gafchromic film. 
 
 

IV. CONCLUSIONS  

The electron back scatter was calculated Monte Carlo 
simulation using PENCYL code. Measurement was 
performed using Radio-chromic film (HS film, Gaf-

cahromic). The film was read by densitometer. Lead and 
polystyrene is used as backscatter material.  Different 
electron energy is used.  

Generally, Monte Carlo calculations and measured data 
were higher in the previous studied as compared in our 
results. Setup error including depths estimation can be the 
cause of error and radio-chromic film was used as a relative 
dosimeter.  
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Abstract — Beam angle optimization (BAO) remains an un-
solved problem during the treatment planning process in radi-
ation oncology. 

We introduce a novel approach to BAO, which decouples 
the selection of beam angles from fluence optimization. Based 
on a patient specific score beneficial combinations of treatment 
beams are selected before fluence optimization. The score 
compromises a matrix of weighted ratios of dose delivered to 
the tumor to dose delivered to normal tissue and organs at risk 
for every target voxel and potential irradiation angle. This 
matrix is searched by a custom-developed genetic algorithm to 
identify ideal ensembles of beams. 

The feasibility and benefit of our approach is illustrated by 
means of one example: A standard treatment plan featuring 
seven equi-spaced coplanar beams is compared to optimized 
plans featuring five and seven non-coplanar beams for a clini-
cal example. Both optimized plans reduce the mean dose to the 
brainstem and chiasm by more than 60% while guaranteeing 
superior or equivalent dose distributions in all other volumes 
of interest as well as comparable target coverage. The pre-
sented BAO process requires only a few minutes of computa-
tion time on a state-of-the-art workstation for the selected case. 

Keywords — Beam angle optimization, beam direction op-
timization, intensity modulated radiation therapy, treatment 
planning. 

I. INTRODUCTION  

The mathematical formulation of BAO results in a non 
convex problem with exponential complexity [1]. The in-
clusion of fluence optimization for intensity modulated 
radiation therapy (IMRT) additionally complicates the solu-
tion of the problem. Various authors have addressed BAO 
[2, 3, 4, 5, 6] and were able to demonstrate the benefit of an 
automated BAO framework for treatment planning. But due 
to computational inefficiency, crucial simplifications and 
more complicated treatment routines, the radiation oncology 
community is still reluctant to these approaches. In clinical 
practice the decision about the best irradiation angles is 
usually completely based on the experience of the radiation 
oncologist. 

With this paper we introduce a novel approach to BAO 
which is aimed at reducing integral dose while guaranteeing 
target coverage.  

First, we are going to describe the foundations of our me-
thod and then illustrate its feasibility and benefit by means 
of one example case. 

II. METHODS 

The treatment planning process is split up into two inde-
pendent parts: First, the set of ideal irradiation angles is 
determined; the intensity maps for each beam are calculated 
in a second step with our in-house inverse planning system 
KonRad. 

In order to understand the motivation for our approach 
we first consider only a single voxel v within an extended 
target volume. The overall quality of the beam configura-
tion is assessed solely based on a phenomenological score 
svα for voxel v and direction α given by 

· · 1  (1) 

DTarget denotes the dose delivered to the entire target, DNT 
the dose delivered to the normal tissue and DOAR the dose 
delivered to potential organs at risk (OARs). The gantry 
angle space is discretized in 5º steps and irradiation configu-
rations resulting in gantry-couch collision are excluded 
yielding a set of feasible beam directions A. Hence, |A| dif-
ferent scores are obtained for voxel v depending on the 
irradiation angle α. svα decreases with increasing dose to the 
target and decreasing dose to normal tissue and OARs. The 
weighting factor of 100 ensures that all dose contributions 
to OARs are significantly more important during the subse-
quent beam selection process. 

For an irradiation of voxel v independently from the rest 
of the target volume, the best beam set will only consist of a 
single beam angle α* if judged solely based on the score 
function given by equation 1. The minimum score  is 

  (2) 

where 

arg   (3) 
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α* minimizes the integral dose to the patient, weighting 
dose contributions to organs at risk hundredfold, for irradia-
tion of one single voxel. 

The score S for an extended tumor volume consisting of 
V tumor voxels is constructed by summation over the mini-
mum scores of all tumor voxels. 

∑    (4) 

As dose depositions to multiple target voxels by one 
summand are neglected, the score S may only be understood 
as a rough approximation of the ratio of target dose to dose 
to the rest of the patient. 

So far, the set of possible beam directions is not re-
stricted. All beam directions may contribute to the score S 
yielding a treatment plan featuring up to |A| beam angles. 
This is clinically infeasible but gives a lower bound for the 
score S.  

By restricting the number of possible beams to n = 1 we 
derive 

 ∑   (5) 

Accordingly, the ideal beam angle α* is given by 

arg  ∑   (6) 

In order to determine the ideal beam set featuring n 
beams we have to evaluate all combinations of n beams out 
of |A| candidate directions, i.e. the subset of the power set of 

 with n elements 

| |   (7) 

 Hence, the ideal set of beam directions η using n beam 
angles is given by 

arg  ∑  (8) 

Obviously, equation 6 arises as a special case of equation 
8 for n = 1. For plans with more than 4 beam directions, 
solving equation 8 by exhaustive search is computationally 
impracticable. Therefore a custom-designed genetic algo-
rithm is applied, which is implemented in MatLab1. 

The score calculation for all target voxels and candidate 
directions according to equation 1 is also implemented in 
MatLab. First, a volume of interest (VOI) data set is gener-
ated which has the same resolution and dimensions like the 
CT data set. The VOI stack lists weighting factors according 
to equation 1. In order to save computation time, a dose 
calculation is only performed on the central axis for every 
voxel and candidate direction. The influence of photon 
scatter is modeled by convoluting the VOI stack with a 
spherically symmetric kernel approximating a photon pencil 
                                                           
1 The MathWorks Inc., 3 Apple Hill Drive, Natick, MA 01760-

2098, United States 

beam kernel previous to the score calculation. In order to 
determine the score  the dose depositions are weighted 
according to their corresponding value in the convoluted 
VOI stack. This reduces the score calculation to ray tracings 
in the CT and VOI stack plus basic matrix operations. By 
omitting a complete dose calculation for every candidate 
direction, we trade in accuracy of the score calculation for 
an accelerated computation. For a preparatory identification 
of beneficial beam configurations for IMRT this procedure 
proves to be sufficient. 

The score calculation scales linearly with the number of 
candidate directions and number of target voxels; the ge-
netic search scales linearly with the number of target voxels 
and the number of beams of the treatment plan. Hence, even 
computation times for large target volumes and large beam 
sets remain acceptable. 

III. RESULTS 

To demonstrate the practicability and potential of our ap-
proach, we investigate its performance with an asymmetric 
lesion in the brain in close proximity to OARs. A homogen-
ous dose of 60 Gy is prescribed to the target volume, which 
is enclosed by eyes, optic nerves, chiasm and brainstem, as 
depicted in Fig. 1. 

Elimination of infeasible beam angles and restriction to 
beams tilted by less than 30° with respect to the transversal 
plane yield a set of 688 non-coplanar candidate directions. 
During the search process for the ideal beam set, beam 
combinations with adjacent and opposing beams closer than 
360°/ √2  are eliminated to enforce a more uniform dis-
tribution of the irradiation directions. The selection of this 
spacing angle is preliminary and requires further investiga-
tion. 

Both score calculation and genetic search for the ideal 
beam set are performed on a 3.2 GHz Linux workstation. 
The score calculation for this clinical case with 1071 target 
voxels takes 169s and the genetic search of the best beam 
set with n = 7 and n = 5 beams takes 487s and 321s respec-
tively. 

In contrast to the standard plan with seven coplanar equi-
spaced beams (7Star), the optimized plans are highly 
asymmetric with the majority of beams impinging from the 
anterior, as indicated in figure 1. This reflects the characte-
ristics of the patient geometry and was also observed by 
Potrebko et al [2]. The ideal five beam plan is no sub set of 
the seven beam plan. 

Dose volume histograms (DVHs) of all relevant volumes 
of interest for the three beam configuration under considera-
tion are depicted in Fig. 2; table 1 lists corresponding mean 
and maximum doses. 
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IV. DISCUSSION 

The results depicted in Fig. 2 and Table 1 demonstrate 
the benefit of our approach. For all treatment plans, target 
coverage is almost identical. Only the target DVH of the 
non-coplanar five beam plan deviates slightly from the 
standard seven beam IMRT plan. Both optimized treatment 
plans exhibit major improvements for the chiasm and the 

 Fig. 2 - DVHs for selected volumes of interest. Data of the conventional treatment plan featuring seven equi-spaced beams is visualized by solid lines,
data of the optimized plan featuring seven non-coplanar beams is visualized by dashed lines and data of the optimized plan featuring five non-coplanar 
beams is visualized by dotted lines. An exclusive DVH is only given for normal tissue; for all other volumes of interest inclusive DVHs are shown. a) Dark 
grey: Normal tissue. Black: Brainstem. Light grey: Target. b) Grey: Right eye. Black: Right optic nerve. c)  Grey: Left eye. Black: Left optic nerve. d) Grey: 
Spinal cord. Black: Chiasm. 

 Fig. 1 – Overview of patient geometry and beam directions of the
optimized plans. Non-coplanar beam directions are projected to the trans-
versal plane for this two dimensional representation. The beam ensemble of
the optimized seven beam plan is visualized by solid grey lines; the beam
ensemble of the optimized five beam plan is visualized by white dashed
lines. Note that one direction is part of both plans.  

Table 1  - Dose statistics [% of prescribed target dose] of the three beam 
configurations under consideration. 

                                               7Star                  Ideal 7                Ideal 5 
  Mean Max Mean Max Mean Max 

Target 100.0 112.0 100.0 111.1 100.0 115.6 
Spinal Cord 2.8 44.7 0.7 4.1 0.7 4.2 
Brainstem 30.6 47.8 9.1 36.6 9.2 40.9 
Right eye 27.4 66.5 24.2 61.9 24.9 63.9 
Left eye 16.8 28.6 15.0 31.4 18.0 40.7 
Right optic nerve 62.6 81.1 59.4 78.0 62.7 85.0 
Left optic nerve 48.8 73.8 35.8 53.4 44.9 67.7 
Chiasm 35.9 60.0 12.0 25.4 10.5 27.2 
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brainstem where the mean dose could be reduced by more 
than 60%. Furthermore the maximum dose received by the 
spinal cord could be decreased by more than 90% for the 
optimized seven beam plan and five beam plan. The normal 
tissue volume receiving medium doses (10% – 50%) is 
reduced but due to non-coplanar beams the normal tissue 
volume receiving less than 10% of the prescribed dose is 
enlarged for the optimized plans. 

The main computational burden in our approach origi-
nates from the genetic search for the ideal beam set. So far, 
the parameters of the genetic search, such as surviving frac-
tion, population size, mutation and crossover rate, are not 
fine-tuned. Hence, there is still potential to decrease the 
computation time by optimizing the genetic search, transfer-
ring the MatLab code into a more efficient programming 
language und taking advantage of parallel programming 
techniques. Nevertheless, even the observed computation 
time of about 10 minutes to determine the improved beam 
angle sets is well within clinical restrictions. 

By breaking down the quality assessment of a beam an-
gle set to a simple matrix evaluation we established an ele-
gant way to decouple BAO from fluence optimization. Our 
approach considers intensity modulation since the score S is 
a summation over different target voxels. Furthermore the 
beam angle set is not constructed iteratively: For an n beam 
plan the ideal combination of n beams, and not a set of the 
best n beams, constitutes the final treatment plan. 

Although not formally studied yet, our approach is of 
particular interest for BAO in intensity modulated hadron 
therapy. In contrast to photons, the depth dose profile of 
charged particles exhibits a maximum at the end of range, 
called Bragg peak. This enables a more independent steer-
ing of the dose delivered to a single voxel within the target 
volume from the dose delivered to the rest of the target 
volume. Hence, the score of an n beam plan, derived ac-
cording to equation 8, is expected to represent a more valid 
approximation for the actual ratio of target dose to dose to 
the rest of the patient for particles than for photons. Our 
approach could also incorporate robust worst case BAO for 
hadrons with a slight modification of the score calculation 
analogue to the optimization process for intensity modu-
lated proton therapy suggested by Pflugfelder et al [7]. 

V. CONCLUSIONS  

We present a promising, novel strategy for BAO. For the 
selected clinical case we are able to calculate a superior 
treatment plan with non-coplanar fields: The dose deposi-
tion in the brainstem, the chiasm and the right optic nerve 
can be reduced significantly while keeping the dose cover-
age of the target volume unaltered – even for a reduced 
number of beams. 

Computation times are already clinically acceptable, but 
another speed-up is expected by implementing the proce-
dure using more sophisticated programming techniques. 

However, more clinical cases, also from different treat-
ment sites, have to be investigated for a thorough analysis 
of our approach. 

The method presented is not only applicable to photon 
therapy. Its extension for hadron therapy is planned for the 
future. 
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Can a Commercially Available TPS Be Used to Develop VMAT Solutions? 
C.G. Rowbottom, C.J. Boylan, C. Golby, S. Atherton, S. Smith, and R.I. Mackay 

North Western Medical Physics, The Christie NHS Foundation Trust, Manchester, United Kingdom 

Abstract—The aim of this study was to develop a VMAT so-
lution for prostate patients using a commercially available 
treatment planning system, Pinnacle.  

The Pinnacle treatment planning system with DMPO has 
been used to develop a single arc VMAT solution for prostate 
patients. The solution involves the optimisation of 15 equi-
spaced static beams with 2 control points per beam. The 15 
beams are sequenced into an arc of 30 beams, each with a 
single control point. During this process the ordering of adja-
cent control points is considered to minimise the motion of the 
MLC leaves and jaws. In order to accurately model the conti-
nous delivery of VMAT, interpolated beams are added be-
tween each control point. The resultant step-and-shoot plan is 
exported to the Mosaiq R&V system and then converted into a 
VMAT plan for delivery by an Elekta Synergy linac using in-
house software. Dosimetric verification has been performed 
using a film by comparison of the delivered dose distribution 
to the dose distribution calculated by Pinnacle. 

The 60 beam plan produced is of comparable quality to the 
traditional IMRT plan using 5 beams and 30-40 control points 
in total.  The process is able to produce an acceptable plan 
that is deliverable on the linac using VMAT. Successful verifi-
cation, >95% pixels passing 3%/3mm gamma evaluation, has 
been achieved for the prostate patient investigated. In  
addition, investigation of the linac performance has demon-
strated that the dose distribution is consistent over multiple 
deliveries.  

It is possible to produce single arc VMAT plans using a 
standard IMRT treatment planning module. This solution can 
then be appropriately sequenced into a VMAT treatment plan 
with acceptable plan quality and verification results. 

Keywords—VMAT, SmartArc, Pinnacle. 

I. INTRODUCTION 

Volumetric Modulated Arc Therapy (VMAT) offers the 
ability to deliver dose distributions comparable or better 
than those produced by IMRT, in a short delivery time 
[1,2]. There is a range of VMAT planning solutions in  
development. This paper investigates the use of a commer-
cially available treatment planning system to create a single-
arc plan that is deliverable with an Elekta linear accelerator 
capable of VMAT. This ‘step and shoot’ VMAT solution is 
compared to the clinically implemented prostate IMRT plan 
in terms of its dose distribution and conformity to the  

Conventional or Hypofractionated High Dose Intensity 
Modulated Radiotherapy for Prostate Cancer (CHHIP) trial 
protocol [3].  

Dosimetric verification of the step and shoot VMAT so-
lution is performed using film, and the treatment time and 
consistency of delivery are also investigated.  

II. METHODS 

A. Treatment Planning Process 

The treatment planning system used was Pinnacle3 (Phil-
ips Medical Systems, USA), with the Direct Machine  
Parameter Optimization (DMPO) module for IMRT. A 
previous prostate cancer patient was selected who had 
originally been treated with a 5-field IMRT plan. Initially, 
15 beams were added to the plan with a spacing of 24° from 
gantry angles 189° to 171°. A fixed collimator angle of 15° 
was used.  

The dose prescription and DMPO optimization con-
straints were set to be identical to that of a typical prostate 
IMRT plan for CHHIP trial patients. The DMPO parameters 
were adjusted such that the maximum number of control 
points was 30 (i.e. 2 control points per beam). Other optimi-
zation parameters (e.g. minimum segment area, minimum 
MU per segment) remained similar to the original IMRT 
approach.  

The resulting treatment plan is then modified by an ex-
ternal VMAT sequencer, developed in-house. This software 
divides each beam of two control points into two separate 
beams each containing one control point. As shown in fig-
ure 1, the two new beams are shifted 6° in either direction, 
such that the spacing is 12° between the beams. The indi-
vidual weighting of each control point, and hence the moni-
tor units, are kept the same. 

Due to the fact that there can be large differences be-
tween each pair of control points, the sequencer uses a lin-
ear search algorithm to determine the most efficient  
sequence of control points. This is based on the limitations 
of the VMAT delivery including maximum leaf speed, jaw 
speed and gantry speed. There are also the limitations of the 
deliverable dose rate, which the accelerator selects from a 
series of discrete values (600MU/min, 300MU/min, 
150MU/min, 75MU/min, 37MU/min and 18MU/min).  
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Fig. 1 External sequencing of the control points: the pair of control points 
for each beam are split and shifted 6° in either direction to produce two 
new beams 

The modified plan can then be brought back into Pinna-
cle and the dose is calculated through the new beams. At 
this point the plan is re-optimised using DMPO, starting 
with the initial segment shapes and making small changes to 
the leaf positions and control point weighting. 

Due to the continuous delivery of VMAT plans and the 
differences in the shape and weighting of adjacent control 
point, the delivered dose may differ considerably from the 
30 beam step and shoot plan. In order to account for this, a 
series of interpolated beams are added between each exist-
ing beam, taking an average of the leaf positions between 
adjacent control points. The new beams are given weight-
ings appropriate for dynamic VMAT delivery. 

Plans are then exported to the MOSAIQ record and ver-
ify system. In order to convert the step and shoot plans into 
a deliverable VMAT plan, a further piece of software was 
used (Arc Converter, William Beaumont Hospital). This 
takes the 60 beams with single control points and converts 
them into a single VMAT beam with 60 control points. The 
monitor units are also adjusted for dynamic delivery. 

B. Dosimetric Verification 

The treatment plan was delivered to dosimetry film 
aligned sagittally within a Perspex phantom on the central 
axis. The film was scanned and dosimetric verification was 
made by comparing the measured dose distributions to dose 
planes exported from Pinnacle. Gamma analysis was carried 
out at the 3%/3mm level using in-house verification software. 

The repeatability of VMAT delivery was investigated by 
performing gamma analysis between repeated measured 
dose distributions. 

III. RESULTS 

A. Comparison with IMRT Plans 

The step and shoot VMAT plan produced a similar dose 
distribution to the original IMRT plan. When assessing the 
plan according to the CHHIP criteria, the VMAT plan was 
considered clinically acceptable [4]. Figure 2 shows a typi-
cal CT slice, comparing the isodoses between the step and 
shoot solution and the original IMRT plan. Figure 3 demon-
strates the dose-volume histogram comparison for the im-
portant ROIs. 

 
 

Fig. 2 Typical CT slice, showing the 4750cGy isodose conforming to the 
shape of the PTV 
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Fig. 3 DVH curves comparing the step-and-shoot VMAT plan to the 
original IMRT plan 

The DVHs indicate a similar distribution to the original 
IMRT plan, showing good coverage to the treatment vol-
ume while maintaining an acceptable dose level to the or-
gans at risk. 
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B. Verification Results 

The plan was exported and successfully delivered on the 
linac. The number of monitor units required for the VMAT 
plan was 463MU compared to 509MU for the original 
IMRT plan. The total treatment time for the single 360° arc 
was approximately 2.5 minutes.  

A 3%/3mm gamma analysis of the delivered dose distri-
bution gave >95% of pixels with Γ < 1 within the 50% 
isodose line. Furthermore, the dosimetric repeatability of 
VMAT plan delivery was assessed at the 1%/1mm gamma 
level and achieved a 100% pass.  

IV. CONCLUSIONS 

It has been demonstrated that a clinically acceptable 
VMAT plan can be produced using a commercial treatment 
planning system with a standard IMRT optimization mod-
ule. By externally sequencing the control points, and adding 
beams with intermediate leaf and jaw positions, the plan 
was delivered successfully on the linac. Dosimetric verifica-
tion, along with repeatability measurements, have indicated 
that the solution is robust. 
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modulated radiation therapy  

Bo Zhao and Jianrong Dai 

Department of Radiation Oncology, Cancer Institute (Hospital), Chinese Academy of Medical Sciences, Beijing 100021, China  

Abstract— Segmental intensity-modulated radiation therapy 
(IMRT) delivers a sequence of segments to obtain a desired 
intensity distribution. Many leaf sequencing algorithms for 
segmental IMRT have been developed with the aim to reduce 
delivered monitor units (MUs) and (or) number of segments, 
and consequently to reduce the total treatment delivery time. 
With the development of real-time detection technology, it is 
useful to develop leaf sequencing algorithms that consider the 
detecting probability of markers implanted into or near target 
volume. In this study, we defined the concept of marker visibil-
ity to denote the marker’s detecting probability, and proposed 
a new leaf sequencing algorithm based on the algorithm of 
Kamath et al (Phys. Med. Biol. 48: 307-324, 2003). The new 
algorithm firstly uses Kamath algorithm to generate an initial 
leaf sequence and then performs a series of column transfor-
mations to obtain a new leaf sequence that is optimal in terms 
of MU efficiency and marker visibility. We evaluated the per-
formance of the new algorithm with six test fields that had 
randomly-generated intensity matrices. Results show that, 
compared with Kamath algorithm, the new algorithm does not 
increase MUs, but improves marker visibility. When the radia-
tion field contains multiple (3) markers, the marker visibility 
increased from 66.67% to 91.67% for small size (5 5 ) radia-
tion field; from 39.29% to 42.86% for medium size (10 10 ) 
field; and from 31.48% to 37.04% for large size ( 20 20 ) field. 
We also rigorously proved the optimality of the new algorithm. 
In conclusion, a new leaf sequencing algorithm was developed 
for optimal MU efficiency and marker visibility. 

Keywords— intensity-modulation, leaf sequencing algorithm, 
marker visibility, MU efficiency, optimality 

I. INTRODUCTION  

Segmental intensity-modulated radiation therapy (IMRT) 
delivers a sequence of segments to obtain a desired intensity 
distribution. The leaf sequence can be delivered by mul-
tileaf collimator (MLC) under hardware constraints. At 
present, a number of papers on optimization of the leaf 
sequencing algorithm have been published[1-5]. Among them, 
the algorithm developed by Bortfeld et al is optimal in 
terms of the total delivered MUs and this optimality has 
been proven by Kamath[1,6]. Kamath proposed Algorithm 
SINGLEPAIR and Algorithm MULTIPAIR, which are 
based on Bortfeld algorithm[6].  

However, due to respiration, body movement and setup 
error in the treatment process, the tumor is actually in 
movement, which makes IMRT may not be able to achieve 
the desired dose distribution. One solution to this problem is 
to use real-time detection technology to monitor tumor 
position, and to gate beam delivery or adjust the relative 
beam-patient geometry accordingly[7,8]. With the application 
of real-time detection technology, it is useful to consider the 
visibility of implanted markers when designing leaf se-
quencing algorithms[7-10]. In this study, we developed such 
an algorithm based on Kamath algorithm. It not only has the 
feature of the minimum total delivered MUs, but also has 
the feature of the maximum marker visibility. 

II. MATERIALS AND METHODS  

A. Concepts and expressions 

In order to consider the detecting probability of markers 
implanted into or near target volume, we defined the con-
cept of marker visibility to quantify the marker’s detecting 
probability in a leaf sequence, which is represented by  

 1 100%

N

k
k

LM
V

N
, (1) 

where N is the number of segments (equals to the total de-
livered MUs), and LMk is a binary variable to label whether 
markers are visible in the kth segment, which is represented 
by  

 .(2) 1,  any number of markers are visible in the th segment 

0,  not a single marker is visible in the th segmentk

k
LM

k

 To illustrate the new algorithm, we firstly introduce the 
definition of LS matrix. For an intensity matrix, LS matrix 
of a leaf sequence is  

 ,1,1 , ,1
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where n is the number of pairs of leaves, m is the number of 
sample points, and Lj,k,i is an integer variable to label 
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whether the ith sample point of the jth pair of leaves is visi-
ble in the kth segment. Lj,k,i will be 1 for visible status and 
be 0 for invisible status. When a pair of leaves finish beam 
delivery, their LSj,k,i is set to 2.  

Then we introduce move-forward operation and end-to-
end-move operation. These two operations are just a series 
of column transformations. We perform these operations on 
LS matrix to obtain a new leaf sequence. For the LS matrix 
of the jth pair of leaves of a leaf sequence (as shown in 
equation 3), we can find the maximum integer Yj, such that, 
after a series of column transformations of LS matrix, 
LMk=1 when k=1, ..., Yj and LMk=0 when k=Yj +1, ..., N. We 
call this operation as move-forward operation.  

Then we take LSj' and LSj'' for example (such that the 
number of segments of the j'th pair of leaves, Nj', is no more 
than that of the j''th, Nj''). After move-forward operations of 
LSj' and LSj'', LMk=1 when k=1, ..., Yj' and LMk=0 when 
k=Yj'+1, ..., Nj' for the j'th pair of leaves, and LMk=1 when 
k=1, ..., Yj'' and LMk=0 when k=Yj''+1, ..., Nj'' for the j''th pair 
of leaves. Let Ye=Nj''-Yj'. Then we move the 1~Yeth columns 
to the (Yj'+1)th~ Nj''th columns of LSj'' and move the 
(Ye+1)th~Nj''th columns to the 1~Yj'th columns of LSj''. We 
call this operation as end-to-end-move operation. 

B. Algorithm implementation 

As shown in Figure 1, the implementation of the new al-
gorithm has four steps: 1). Apply Kamath algorithm to ob-
tain an initial leaf sequence; 2). Obtain an initial LS matrix 
from this leaf sequence; 3). Perform the move-forward 
operation and the end-to-end-move operation on the initial 
LS matrix to obtain a new LS matrix; 4). Obtain a new leaf 
sequence from the new LS matrix, and this new leaf se-
quence is optimal in MU efficiency and marker visibility.  

We programmed the new algorithm in MATLAB lan-
guage. Inputs include: 1). Known conditions: the desired 
intensity matrix I, the number of markers p and the loca-
tions of markers (x1, y1), …, (xp, yp); 2). Constraints: intra-
pair minimum separation constraint, and the minimum total 
delivered MUs (obtained by Kamath algorithm)[6]. For a set 
of given inputs, the program can automatically generate a 
leaf sequence, and output it as a text file. 

We also proved the optimality of the leaf sequence in 
terms of MU efficiency and marker visibility among all 
possible ones (due to space limit, the mathematical proofs 
are omitted here). 

1 2

    (i) Apply Kamath algorithm to obtain an initial
          leaf sequence, and then obtain its  matrix.
   (ii) Suppose that there are  pairs of leaves 
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Fig. 1 The implementation of the proposed algorithm 

III. RESULTS  

A. A simple example 

To explain how the new algorithm works, we take the 
following simple intensity matrix as an example. As shown 
in Figure 2, we have m=4, n=4, and four markers that lo-
cated at (1, 3), (2, 1), (3, 3) and (4, 2) respectively.  

1 5 2 2
2 3 3 4
4 1 3 1
0 2 4 5

I
 

Fig. 2 The desired intensity matrix for example (there are four markers 
with locations represented by squares) 

Firstly, we use Kamath algorithm to obtain the initial leaf 
sequence (Figure 3). We can see that markers are visible in 
Segment No. 1, 2, 4, 5, 6, so the marker visibility is 83.33%. 
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Fig. 3 The initial leaf sequence (white zones denote radiation fields; dark 
gray zones denote the left pairs of leaves; light gray zones denote the right 

pairs of leaves; and squares denote marker locations)  

Secondly, we obtain the initial LS matrix from this leaf 
sequence (Figure 4). Since the number of segments of each 
pair of leaves is N1=5, N2=4, N3=6 and N4=5 respectively, 
the number of segments of leaf sequence is N=6.  

1 2

3 4

1 0 0 0 0 2 1 1 0 0 2 2
1 1 1 1 1 2 1 1 1 0 2 2

  
0 0 0 1 1 2 1 1 1 0 2 2

0 0 0 1 1 2 1 1 1 1 2 2

1 1 1 1 0 0 0 0 0 0 0 2

0 0 0 1 0 0 1 1 0 0 0 2
  

0 0 0 1 1 1 1 1 1 1 0 2

0 0 0 0 0 1 1 1 1 1 1 2

LS LS

LS LS

 

Fig. 4 The initial LS matrix 

Thirdly, we perform the move-forward operation and the 
end-to-end-move operation on the initial LS matrix to obtain 
a new LS matrix (Figure 5 and Figure 6). 

1 2

3 4

0 0 1 0 0 2 1 1 0 0 2 2
1 1 1 1 1 2 1 1 1 0 2 2

'   '
1 1 0 0 0 2 1 1 1 0 2 2

1 1 0 0 0 2 1 1 1 1 2 2

1 0 0 1 1 1 0 0 0 0 0 2

1 0 0 0 0 0 1 1 0 0 0 2
'   '

1 1 1 0 0 0 1 1 1 1 0 2

0 0 1 0 0 0 1 1 1 1 1 2

LS LS

LS LS

 

Fig. 5 The LS matrix after the move-forward operation 

1 2

3 4

1 1 1 1 1 2 1 1 1 0 2 2
''   ''

0 0 1 1 0 2 1 1 1 0 2 2

0 0 1 1 0 2 1 1 1 1 2 2

0 0 1 1 1 1 0 0 0 0 0 2

0 0 0 0 0 1 1 0 0 0 1 2
''   ''

1 1 0 0 0 1 1 1 1 0 1 2

0 1 0 0 0 0 1 1 1 1 1 2

LS LS

LS LS

0 0 0 0 1 2 1 1 0 0 2 2
 

Fig. 6 The LS matrix after the end-to-end-move operation  

Fourthly, we obtain a new leaf sequence from the new LS 
matrix (Figure 7). We can see that markers are visible in 
every segment, so marker visibility is increased to 100%.  

 

Fig. 7 The optimal leaf sequence  

B. Test fields with randomly-generated fluence maps 

We evaluated the performance of the new algorithm with 
six test fields that had randomly-generated intensity matri-
ces. For each intensity matrix, the intensity level at any 
element was randomly set to an integer between 0 and 10. 
The characteristics of these fields are as follows: a). Small 
size ( 5 5 ) field containing single marker; b). Small size 
( 5 5 ) field (the same as case a)) containing multiple (3) 
markers; c). Medium size (10 ) field containing single 
marker; d). Medium size (10 ) field (the same as case c)) 
containing multiple (3) markers; e). Large size (

10
10

20 20 ) 
field containing single marker; f). Large size ( 20 20 ) field 
(the same as case e)) containing multiple (3) markers. 

Table 1 lists the comparison between Kamath algorithm 
and the new algorithm in terms of total delivered intensity 
and marker visibility. We can see that the new algorithm 
does not increase the total delivered intensity, but improves 
marker visibility in case of containing multiple markers (the 
marker visibility increased from 66.67% to 91.67% for 
small size radiation field; increased from 39.29% to 42.86% 
for medium size radiation field; and increased from 31.48% 
to 37.04% for large size radiation field). The CPU time for 
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generating the optimal leaf sequence depends on the number 
of markers and the test field size. For all six cases here, it 
was less than one second (Intel Celeron M 1.40GHz CPU, 
256MB memory). From table 1, we can also see that the 
larger the size of test field, the more the total delivered MUs. 
So the larger the size of test field, the longer the delivery 
time. 

Table 1 Comparison between two algorithms in six cases 

Total Delivered Inten-
sity 

Marker Visibility 

Case Kamath 
Algorithm 

TDIK 

New 
Algorithm 

TDIN 

Kamath 
Algorithm 

VK 
(%) 

New 
Algorithm 

VK 
(%) 

Theoretical 
Maximum

Vmax 
(%) 

a 12 12 66.67 66.67 66.67 

b 12 12 66.67 91.67 91.67 

c 28 28 32.14 32.14 32.14 

d 28 28 39.29 42.86 42.86 

e 54 54 9.26 9.26 9.26 

f 54 54 31.48 37.04 37.04 

IV. CONCLUSIONS  

In conclusion, we defined the concept of marker visibil-
ity, and developed a new leaf sequencing algorithm for 
segmental intensity-modulated radiation therapy with the 
minimum total delivered MUs and the maximum marker 
visibility. We also provided rigorous mathematical proofs of 
its optimality.  
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Tomotherapy Quality Assurance (TQA): A Fast and  
Comprehensive Software Tool 
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Helical Tomotherapy (HT), which was first described by 
T. Mackie et al. (Mackie et al 1993) delivers high intensity 
modulated radiation therapy (IMRT) using high-energy 
photons (1.4 MeV on average). Straightforwardly, Quality 
Assurance (QA) procedures for this machine are very 
important; a comprehensive list was described in different 
papers (for instance Fenwick et al. (2004) or Broggi et al. 
(2007)). The Tomotherapy machine was installed at the 
Cliniques Universitaires St-Luc in Brussels in November 
2005. Routinely QA includes the measurement of the output 
and beam energy (percent depth dose measurement) by ion 
chamber dosimetry in a cylindrical (known as “cheese”) 
phantom and a patient specific (Delivery QA) dosimetry. 
These are time consuming procedures. 

This work will report on the use and the results of a new 
software program: TQA, developed by Tomotherapy, as an 
integrated and comprehensive QA tool for HT. The program 
makes use of the imaging detectors (640 Xenon chamber 
channels). Data is retrieved from these detectors, 

immediately after an in-air radiation and an irradiation of an 
aluminium step wedge. This allows obtaining within 3 
procedures of 200sec information of output, energy, laser 
accuracy, table speed, table position and its synchronization 
with gantry angle. The program is calendar based, which 
allows to program different procedures on a daily, weekly 
and monthly basis. As all data is stored in a database, 
trending of all data can be visualized within tolerance limits. 

A comparison of this system with our « classical » QA 
methodology was performed and will be reported. 
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Monte Carlo Based Suggestion of the Best Choice for Material of a Multileaf 
Collimator (MLC) and the Required Thickness 
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Abstract—Due to intensive use of multileaf collimators in 
clinics, determination of an optimum design and material for 
the leaves become essential. Although Tungsten is the popular 
material for MLC leaf fabrication, other suitable options 
should be taken into consideration as well. In this study, we 
characterized the multileaf collimator (MLC) dosimetric pa-
rameters for a MLC with a proposed design which gathers the 
useful properties of Varian, Elekta and Siemens systems. The 
study was done using MCNP4c code. It was assumed that the 
MLC was mounted on a Varian accelerator and with a similar 
thickness as Varian’s and the same distance from the source. 
Then regular characteristics of the MLC such as leakage ra-
diation, beam hardening, MLC transmissions and penumbra 
width were calculated for four different materials. Considering 
the obtained results and the maximum allowable leakage, 
guide us through determination of required thickness for Lead 
alloy. Comparison between Depleted Uranium, Tungsten 
heavy and Tantalum alloys with a 6 cm thickness with Lead 
alloy leaf having 10 cm thickness shows better characteristics 
in addition to lower cost and a bit lighter leaves for a leaded 
leaf. Although leaded leaf shows almost wider penumbra in 
comparison with other materials, taking into account a more 
curved motion path for the leaves, providing double focusing 
design will solve the problem. 

Keywords—Monte Carlo, MCNP4c, multileaf collimator 
(MLC), Alloy. 

I. INTRODUCTION  

The aim of radiation therapy is to eradicate tumor cells 
without seriously damaging normal tissue, especially with-
out seriously damaging radiation sensitive structures. There 
are cases where conventional conformal treatment planning 
and delivery techniques fail and using intensity modulated 
radiation therapy (IMRT) can solve these problems. To 
generate IM photon fields, a modern linear electron accel-
erator (linac) equipped with a multileaf collimator (MLC) 
can be used. 

Lovelock et al [1] have addressed the creation of phase 
space distributions (PSDs) for modeling the patient-
independent photon beam radiotherapy accelerator output 
using EGS4-based Monte Carlo transport. Calculations of 
the PSD and the patient dependent portion of the beam line 
have been performed using the BEAM user code by Rogers 

et al [2]. Different versions of MCNP are additional useful 
tool for radiotherapy dosimetry. MCNP4A has been used by 
De Marco et al [3] for radiotherapy dose calculations while 
Lewis et al [4] and Kim et al [5] have used MCNP4B and 
Aaronson et al [6] have used MCNP4C for this purpose. 

The dosimetric characteristics of MLC systems were 
evaluated by many authors [5,7]. However, there is no study 
to deal with the material of MLC leaves and challenging the 
pros and cons of each available material. Tungsten heavy 
alloy is the commonest material for MLC leaf manufacturing 
but there are some substitutes which can compromise be-
tween leaf thickness, availability and cost. There are several 
materials that can be used as a radiation shield in a MLC 
system but having a documented comparison between their 
dosimetric characteristics seems to be useful.  

The work reported here compares the dosimetric parame-
ters of a MLC with a constant suggested leaf design with four 
different materials. The suggested design shows a significant 
lower leakage than Varian and Elekta systems as it was ana-
lyzed by this group in a prior study. Since the main objective 
to use a MLC system is absorption of the undesirable part of 
the photon beam, materials with high atomic number and 
high density in order to have a more total attenuation coeffi-
cient are desirable. As a result the alloys of Tantalum, De-
pleted Uranium and Lead were compared. 

II. MATERIALS AND METHODS 

A. MCNP4C 

MCNP4C was used for the transport of radiation through 
the accelerator, MLC and phantom. The phantom was di-
vided into several voxels in order to determine the dose 
distribution in it. The energy deposited in voxels was scored 
by means of *F8 tally.  

Monte Carlo based dose calculation algorithms typically 
separate the dose computation problem into two stages [8]. 
The first stage is computation through the patient-independent 
part of the beam-line apparatus, up to a plane just upstream of 
the accelerator jaws. Here, this is referred to as the patient-
independent beam-line Monte Carlo simulation or the patient-
independent simulation. This computation is performed only 
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once for a given treatment machine energy, with the resulting 
particle coordinates (energy, location, direction and particle 
type) being stored or modeled in the form of a phase space 
distribution (PSD) for use in the second stage, the patient 
specific portion of the simulation. In this study 450 million 
electrons were incident upon the target, resulting in about 25 
million photons at the PSD plane location at 17 cm from the 
target. In the patient part, transport takes place through mod-
eled patient-specific beam-line devices (jaw, blocks, wedges, 
etc) and the patient, with dose being scored in the phantom as 
a patient. This stage is referred to as the treatment planning 
Monte Carlo simulation. All the simulations had an error of 
less than 5% except some limited situations where the stan-
dard deviation was 10% at worst. 

B. Beam-Line Model 

A basic schematic layout of the accelerator is shown in 
figure 1. The 6 MV x-ray mode of the Varian 2100c accel-
erator was modeled. The electron beam incident upon the 
target is modeled as a parallel circular beam with a 0.1 cm 
radius. The incident electrons had an energy distribution 
which was taken as a Gaussian with a FWHM of 0.5 MeV 
and the distribution was centered at 6.5 MeV for 6 MV 
beam (Varian Oncology Systems Ltd.). The photon energy 
transport cut-off was set to 0.01 MeV, while the electron 
kinetic energy cut-off was 0.189 MeV [8]. The simulation 
run in the patient-independent stage used no variance reduc-
tion, while for patient specific portion variance reduction 
techniques were employed. 

 
Fig. 1 Varian 2100c linear accelerator 

C. MLC Leaf Model 

A MLC with leaf width of 10 mm at isocenter and 80 leaves 
pair was investigated in this study. Same thickness and distance 
from the source identical to Varian system was assumed for it, 
in order to merely perform a leaf material difference compari-
son. Suggested leaf design has a stepped side similar to Elekta 

and tongues on top and bottom of the leaf to guide it through 
the rails like Varian MLC while Elekta uses a leaf gap for this 
purpose which results in more leakage. Considering the results 
obtained from simulation of Varian and Elekta systems [6] and 
the preference of double – focused design of MLC leaves to 
single – and non – focused ones [9], this design was proposed. 
In contrast with Elekta and Varian systems but similar to  
Siemens, the leaf end is flat and using circular motion path 
produce double – focusing design. Four different materials 
including Tungsten, Tantalum, depleted Uranium and Lead 
alloys were investigated in the proposed design. 

                           
                (a)                             (b) 

Fig. 2 (a) Leaf end of various vendors. (b) Leaf end of suggested one 

D. Materials for Leaf Fabrication 

Tungsten (W): The common material being used by vari-
ous vendors is Tungsten because of high density and capa-
bility to reduce leakage with small thickness of leaves.  
Because of machinery difficulties of pure Tungsten, heavy 
alloy of it which is called WHA is utilized. WHA is a com-
bination of Tungsten, Nickel and Copper/Iron. The leaves in 
this study include 91.5% W, 5.7% Ni and 2.8% Cu with a 
density of 17.7 g/cm3. 

Tantalum (Ta): One of the elements which is named in 
patents for MLC design, is Tantalum and its alloys [10]. 
One of the two alloys of Tantalum which combines 90% 
Tantalum and 10% Tungsten was applied for the MLC 
leaves. It has approximately twice the tensile strength of 
pure tantalum and yet retains Tantalum's corrosion resis-
tance. The density of this alloy is 16.84 g/cm3 which is higher 
than the other Tungsten alloys of Tantalum. 

Depleted Uranium (DU): Depleted Uranium has an ex-
tensive use as a radiation shield because of high density and 
high atomic number. But it has a very low corrosion resis-
tance so it is used as an alloy. Based on the need to have a 
resistant material against both humidity and air, 6% Niobium 
alloy was selected which has a density of 19.1 g/cm3. 

Lead (Pb): The most popular material being used as a ra-
diation shield is Lead and its alloys. There are some patents 
which name Lead as a suitable material for MLC leaf fabri-
cation [10]. As the pure Lead is very soft and highly 
malleable, a 4% Antimony alloy was used with a density of 
11.03 g/cm3. Since the Lead alloy has a low density, more 
penetration through the leaves was expected. In order to 
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increase the photon absorption, thicker leaves should have 
been provided. By assuming the same mass for the MLC 
system while the densest material (DU) was used, the 
required thickness was estimated. As a result, in the 
calculations a thickness of 10 cm was used for the Pb 
leaves, while other materials had a same thickness of 6 cm.  

III. RESULTS 

A. Leakage as a Function of Field Size 

Figure 3 shows the resulted radiation leakage in a water 
phantom as a function of field size. The MLC fully blocks 
the field during this test and the field size is determined by 
setting of the jaws. Leakage from Tantalum is more than 
Tungsten and it is more than depleted Uranium. Affinity of 
Lead profile to DU is interesting. For a 10×10 cm2 field, the 
leakage through Lead is almost similar to DU and it is about 
66% and 78% of Tantalum and Tungsten, respectively. 
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Fig. 3 Radiation leakage dose in a 3×3×2 cm3 volume centered on the 
beam central axis for different field sizes and materials 

B. Beam Hardening by the MLC 

The preferential removal of lower-energy photons by the 
MLC is apparent for the 6 MV beam in all four materials 
and their effects are approximately similar. The effect of the 
MLC on the beam quality is demonstrated in figure 4(a) 
which shows the photon fluence on the central 30×40 cm2 
surface of a 10×10 cm2 field size for Tungsten MLC leaves. 
The fluence plots are normalized so the total area under the 
curve equals one.  

Also, the effect of the photon beam hardening on the depth 
dose characteristics of Tungsten MLC is shown in figure 
4(b). The 6 MV MLC blocked beam is insignificantly more 
penetrating, with the percent depth dose (%dd) at 10 cm 
increasing ~0.51%, from 62.33% for the open beam to 
62.84% for the MLC blocked field. On the other hand, this 
effect is more pronounced for DU and Pb which show  
increasing of 2.49% and 2.73%, respectively. Tantalum 
shows a pattern similar to Tungsten. The comparison of flu-
ence plots in the blocked field for four materials is shown in 

figure 5(a).  Figure 5(b) shows the comparison between per-
cent depth doses in the four materials when 10×10 cm2 field 
is fully blocked. As it is apparent from the graph, % dd pro-
files in closed situation for all materials are almost similar. 
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Fig. 4 (a) Relative photon fluence for fully blocked and unblocked WHA 
MLC. (b) %dd for 10×10 cm2 field with and without WHA MLC blocked 

0.00E+00

5.00E-02

1.00E-01

1.50E-01

2.00E-01

2.50E-01

3.00E-01

3.50E-01

4.00E-01

0.00E+00 1.00E+00 2.00E+00 3.00E+00 4.00E+00 5.00E+00 6.00E+00 7.00E+00 8.00E+00

Energy (MeV)

R
el

at
iv

e 
flu

en
ce

 (c
m

-2
) WH Alloy Ta Alloy

DU Alloy Pb Alloy (Tk)

(a)

 

0

20

40

60

80

100

120

0.00E+00 5.00E+00 1.00E+01 1.50E+01 2.00E+01 2.50E+01 3.00E+01 3.50E+01

Depth (cm)

R
el

at
iv

e 
do

se
 (%

)

WH Alloy Ta Alloy

DU Alloy Pb Alloy (Tk)

(b)

 

Fig. 5 (a) Comparison of relative photon fluence in blocked field (b) 
Comparison of %dd for 10×10 cm2 blocked field 

C. MLC Transmission 

The average of midleaf transmission and interleaf leak-
age is shown in figure 6 for 6 MV photons, normalized to 
the output of the open field. The transmission is calculated 
for a 10×10 cm2 centered field over depths from the surface 
to 30 cm that has an average of 2.93%, 2.48%, 1.89% and 
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1.84% for Ta, WH, DU and Pb alloys, respectively. The 
midleaf and interleaf transmission profile obtained for a 
10×10 cm2 field is displayed in figure 7. The leaf tips were 
positioned with an offset of 10 cm from central axis. The 
average transmissions are 2.97%, 2.52%, 1.88% and 1.80% 
for Ta, WH, DU and Pb, respectively.  
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Fig. 6 The average of midleaf and interleaf transmissions  
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Fig. 7 The midleaf and interleaf transmissions 

D. Penumbra Width 

Figure 8 shows a comparison of the penumbra width for 
the four different materials. The leaves are positioned at the 
edge of a centered 10×10 cm2 field and with the voxels of 2 
cm depth. As the leaf tip design of WHA, Ta and DU are 
the same, they show a similar penumbra about 2.5 mm, 
which is the region between 80% and 20% dose. But thicker 
leaves with Pb resulted in a preceding drop of the dose 
profile. Although the penumbra for leaded leaves is not 
much higher and equals to 2.8 mm, it can be reduced by 
more curvature of motion path of the leaves. 
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Fig. 8 Comparison between penumbra widths 

IV. CONCLUSIONS  

Using Niobium – depleted Uranium alloy has very less 
transmission and improved performance compared with the 
common material which is used in commercial multileaf 
collimators called Tungsten heavy alloy (WHA). But when 
DU isn’t accessible and also considering the price that is 
about 60 times more than lead, makes Antimony – Lead 
alloy more preferable. Although Lead needs 4 cm more 
thickness than DU, weight of both materials are the same. It 
is the result of lower density of Lead alloy. This advantage 
in combination with availability and a finished price of 
about 5 orders of magnitude lower than DU for a single leaf 
makes Lead alloy as our suggested material for MLC fabri-
cation. However, a 0.3 mm more penumbra width is the cost 
should be paid for it. 
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Abstract— In this study, we performed BANG-3® 
polymer gel dosimetry to propose an experimental 
technique for relative output factor and 3D dose distribution 
measurements of small radiosurgical fields.We were 
irradiated 2 collimators (5 and 30 mm diameter) with 6 MV 
radiosurgery beam. And, MR scanned with the same slice 
thickness and three different in plane resolutions. In these 
experiments, output factor measurements with the Pin Point 
ion chamber and diode, EBT films are compared with 
BANG-3® polymer gel. We used a spherical phantom filled 
with BANG-3® polymer gel to measure 3D dose 
distributions. The irradiated phantom was scanned with an 
MRI scanner. Dose distributions were obtained by 
calibrating the polymer gel for a relationship between the 
absorbed dose and the spin–spin relaxation rate of the 
magnetic resistance signal.  

As results, the output factors founded agreement within 
1% as a reference the collimators 30 mm. Therefore, 

results suggest that polymer gel dosimetry coupled with the 
proposed experimental procedure helps overcome not only 
tissue-equivalence and beam perturbation implications but 
also volume averaging and positioning uncertainties in 
small radiosurgical beam dosimetry. In 3D dose distribution, 
the MRI artifacts cause a geometrical distortion of less than 
2 mm and less than 10% change in the dose distribution. In 
conclusion, the gel dosimetry has the potential to 
qualitatively characterize the relative output factor and the 
dose distributions. 

 

Keywords— CyberKnife, Output factor, BANG-3® 
polymer gel, Radisurgery, 3D Dose Distribution 
. 

I .INTRODUCTION 
In this study, we performed BANG-3® polymer 

gel(MGS Research, Inc., Guilford, CT)  dosimetry to 
propose an experimental technique for relative output factor 

and 3D dose distribution measurements of small 
radiosurgical fields. 

It is well recognized that corresponding measurements 
are complicated  since besides tissue equivalence, 

minimum radiation field perturbation, integrating 
character, and energy/dose rate independence,  the ideal 

dosimeter should also exhibit submillimeter spatial 
resolution coupled with a sufficiently small sensitive 
volume to minimize volume averaging effects and lateral 
electronic disequilibrium  and address the significant 
positioning problems that exist in small field dosimetry.  
Currently, no single detector is ideal for small field 
dosimetry.  

Polymer gel dosimetry seems to be able to address the 
problems related to small field dosimetry  since the method 
is dose integrating and the gel substance ensures tissue 
equivalence,  absence of field perturbation since the gel 
comprises both the phantom and detector material, excellent 
(submillimeter) spatial resolution, and very small sensitive 
volumes. Polymer gel results are compared to 
corresponding measurements using a small volume ion 
chamber (PTW-Freiburg, Germany, PinPoint ion chamber) 
and Gaf chromic EBT films. 

 
II .MATERIALS AND METHODS 

Relative output factor measurements of 5 and 30 mm 
diameter stereotactic beams were performed using a small 
sensitive volume ion chamber (PTW PinPoint 0.015 cm3–2 
mm diameter and 5 mm length), diode (PTW p-type silicon 
diode- effective thickness 2.5 m ), Gafchromic EBT films, 
and BANG® polymer gel (MGS Research, Inc., Guilford, 
CT). A Cyberknife system (Accuray, USA) was employed 
for irradiations in this study (6 MV x rays) 

The diode and ion chamber was placed at the system’s 
isocenter at a depth of  1.5 cm within solid water slabs with 
its axis perpendicular to the beam’s axis. Two irradiations 
were performed delivering 100 MU with the 

5 and 30 mm diameter beams. For the purpose of  EBT 
film measurements, a film was placed at the isocenter at a 
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depth of 1.5 cm within solid water slabs and two 
irradiations were performed at two distant areas using the 5 
and 30 mm beams. The same number of MU was delivered 
in each irradiation. 

Polymer gel filled in cylindrical phantom for output 
factor. The external diameter of the Pyrex cylindrical 

vials was 50 mm (2.7 mm Pyrex glass thickness) and 
three multimodality fiducial markers. 1000MU were 
delivered in both irradiations. Sperical phantom(10 cm 
diameter, 2.5 mm thickness acrylic) used for 3D dose 
distribution. MRI readout of the gels was performed on a 
1.5 T Siemens Avanto MR imager (Siemens medical 
Systems, Erlangen, Germany) using a slice-selective 16-
echo Carr-Purcell-Meiboom-Gill pulse sequence with an 
initial echo time of 40 ms, with further 40 ms increments 
and a repetition time of 5 s. Three separate scan sessions of 
all gels were performed seven days post irradiation using 
different in-plane image resolutions of 0.25,0.50, and 0.70 
mm and the same slice thickness (2 mm) to acquire the 
central sagital partition of the experimental gels as defined 
by the three fiducial markers adhered to each gel. Nine 
signal acquisitions were performed resulting in a high 
signal-to-noise ratio (~100 for the finest resolution of 
0.25X0.25 mm2) T2 map derived using the imagers’ 
software. 

 
 

III. RESULTS AND DISCUSSION 
The calibration gels were included in all three imaging 
sessions, that differ in resolution, to correlate 

absorbed dose with measured R2 relaxation rate (R2 
=1/T2) so as to ascertain that the linearity of response holds 

in all cases and provide corresponding background ,R2(0), 
readings. The main contributor to output factor  uncertainty 
is the uncertainty associated with R2max measurement. For 
the MR imaging parameters of this study, uncertainty of the 
R2 measurements is of the order of 5%. By performing an 
exponential fit taking into account individual point 
uncertainties, a zero volume output factor of 0.65±5.0% 
(95% confidence levels) is measured. 

The same gel data analysis for the 0.50 and 0.70 mm 
resolution R2 maps yielded similar output factor 
measurements (0.66 and 0.64, respectively). Output factor 
of the ion chamber, diode, and EBT film is 0.635, 0.685, 
0.734 as a ±1.7% uncertainty. Measured dose distributions 
of a simulated homogeneous 

phantom should be the same as reference dose 
distributions from MultiPlan(Cyberknife Planning System).  

The dose profiles were plotted along the line passing 
through the central axis. The measured field width at the 
80% dose level is 2 mm wider than the MultiPlan 

calculation. They agree each other in the 10% and 50% dose 
range.  

 
IV. CONCLUSION 

An experimental investigation of the effect of the 
detectors sensitive volume size on very small beams OF 
measurements has been performed using polymer gel 
dosimetry. This value compares reasonably to 
corresponding measurements performed in this study using 
conventional dosimeters (PinPoint ion chamber, diode and 
Gafchromic EBT film). The proposed experimental 
procedure overcomes difficulties in very small beam OF 
measurements including detector positioning and volume 
averaging, and it could also be applied with small photon 
fields encountered not only in X-knife radiosurgery but also 
in IMRT (beam segments). 

We have studied the feasibility of measuring 3D 
dosimetric structures using a polymer gel phantom and MRI. 
Besides,w e found that the geometrical distortion of MR 
image is less than 2 mm. Without much attention on 
unintentional small air-gaps and oxygen contamination of 
the polymer gel, measured absorbed dose can be in error by 
as large as 10% near the interface of the heterogeneity and 
the polymer gel. 

 
REFERENCES 

1.P. Francescon, S. Cora, C. Cavedon, P. Scalchi, S. 
Reccanello, and F.Colombo, “Use of new type 
radiochromic film, a new parallel-plate micro-chamber, 
MOSFETS, and TLD 800 microcubes in the dosimetry 
of small beams,” Med. Phys. 25, 503–511 (1998). 

2. C. J. Fan, W. G. Devanna, L. B. Leybovich, R. G. 
Kurup, B. J. Hopkins,E. Melian, D. Anderson, and G. 
P. Glasgow, “Dosimetry of very-small (5–10 mm) and 
small (12.5-40 mm) diameter cones and dose 
verification for radiosurgery with 6-MV x-ray beams,” 
Stereotact. Funct. Neurosurg.67, 183–197 (1996–
1997). 

3.A. Mack, S. G. Scheib, J. Major, S. Gianolini, G. 
Pazmandi, H. Feist, H. Czempiel, and H. J. Kreiner, 
“Precision dosimetry for narrow photon beams used in 
radiosurgery—determination of Gamma Knife® 
output factors,” Med. Phys. 29, 2080–2089 (2002). 

4.A. Somiglianna, G. M. Cattaneo, C. Fiorino, S. 
Borelli, A. del Vecchio, G. Zonca, E. Pignoli, G. Loi, 
R. Calandrino, and R. Marchesini, “Dosimetry of 
Gamma Knife and linac-based radiosurgery using 

  
 IFMBE Proceedings Vol. 25  

684 Y.-n. Kang



7.E. Pappas, T. Maris, A. Angelopoulos, M. 
Paparigopoulou, L. Sakelliou,P. Sandilos, S. Voyiatzi, 
and L. Vlachos, “A new polymer gel for magnetic 
resonance imaging (MRI) radiation dosimetry,” Phys. 
Med. Biol.44, 2677–2684 (1999). 

radiochromic and diode detectors,” Phys. Med. Biol. 
44, 887–897 (1999). 

5.E. Pappas, I. Seimenis, A. Angelopoulos, P. 
Georgolopoulou, M.Kamariotaki-Paparigopoulou, T. 
Maris, L. Sakelliou, P. Sandilos, and L.Vlachos, 
“Narrow stereotactic beam profile measurements using 
N-vinylpyrrolidone based polymer gels and magnetic 
resonance imaging,”Phys. Med. Biol. 46, 783–797 
(2001). 

 8. Jang JS, Kang YN, Shin DO, et al. Analysis of 
relative output factors for Cyberknife : comparison 
of ion chambers, diode detector and films. Korean J 
Med Phys 2006;17:47-53 

6.E. Pantelis, A. K. Karlis, M. Kozicki, P. 
Papagiannis, L. Sakelliou, and J.M. Rosiak, “Polymer 
gel water equivalence and relative energy response 
with emphasis on low photon energy dosimetry in 
brachytherapy,” Phys.Med. Biol. 49, 3495–3514 
(2004). 

Use macro [author address] to enter  the address of the corresponding 
author: 

Author:  
Institute:  
Street:  
City:  
Country:  
Email:  

 
 

  
 IFMBE Proceedings Vol. 25  

BANG-3® Polymer Gel Dosimetry in Cyberknife 685



O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/I, pp. 686–687, 2009. 
www.springerlink.com 

Production of Ac-225 with Cyclotrons for Generating Bi-213 for Targeted Alpha 
Therapy 

M. Anwar Chaudhri1,2, M. Nasir Chaudhri1, Qamar Nadeem3, and Qaiser Jabbar3 

1 Pakistan Council Of Scientific and Industrial Research, Laboratories-Complex-Lahore 
2 Institute of Medical Physics, Klinikum-Nuernberg, Breslauer Str. 201, 90471 Nuernberg, Germany 

3 Physics Department, Lahore College University for Women, Lahore, Pakistan 

Summary. By making use of our isotope production 
yield curves we have estimated the production of Ac-225, 
the mother nuclide of Bi-213, through (p,2n) and (d,3n) 
reactions on Ra-226. It is shown that, from a thick Ra-226 
target, Ac-225 yields of 1.1 x 10 10, 1.9 x 10 10 and 2.1 x  
10 10 Bq can be obtained at proton bombarding energies of 
20, 30 and 34 MeV respectively at an incident beam 
intensity of 100 μA and irradiation time of only one day. 
Similarly the yields of Ac-225 through the (d,3n) reaction 
on a thick target of Ra-226 have also been estimated to be 
4.2 x 10 9, 1.1 x 10 10 and 1.4 x 10 10 Bq respectively at 
deuteron energies of 20, 30 and 34 MeV and beam intensity 
of 100 μA and irradiation time of one day.  

I. INTRODUCTION 

Due to its physical characteristics the generator system 
Ac-225 / Bi-213 appears to be a very suitable and 
convenient method for producing an alpha-emitter for 
targeted alpha therapy. Ac-225, with an half life of 10 days, 
does not cause any disposal problem. The isotope Bi-213 
(half life of 45.6 min) decays with a 1.96 MeV beta 
emission into Po-213, which instantly decays by emitting a 
8.35 MeV alpha, is ideally suited for targeted alpha therapy. 
Furthermore, Bi-213 has only a relatively small fraction of 
hard gamma-emitting daughter nuclides in its decay 
scheme, has an easy chemistry as it can be readily separated 
from the mother nuclide and conjugated with carriers. It can 
conveniently be made available to hospitals in a radio 
nuclide generator with its parent nuclide Ac-225, which 
shows no radon presence in its decay scheme. 

However, the production of Ac-225 is not so trivial and 
that is why only a limited quantity of this interesting isotope 
has so far been available for clinical applications. Till 
recently it was produced by the decay of the mother nuclide, 
Th-229 whose availability itself is very limited. Th-229 is 
the daughter of U-233 with a half life of 159200 years and 
is mainly produced in nuclear weapons programme. It is due 
to this extremely long life of U-233 that the concentration of 
Th-229 in U-233 is extremely small. Furthermore, U-233 is 
a fissionable material and extremely difficult to handle in 

large quantities. Therefore, the separation of Th-229 from 
U-233 is difficult and very costly process. 

Recently an alternative method of production of Ac-225 
has been suggested which involves irradiation of a Ra-226 
target with protons from a cyclotron 1. These authors have 
theoretically estimated to obtain an yield of 3.7 x 10 10  Bq 
of Ac-225 after irradiating one gram of Ra-226 with 15-20 
MeV protons at 100 μA for 10 days, through the (p,2n) 
reaction. The irradiation time of 10 days seems to be neither 
feasible nor practical even in the modern generation of 
cyclotrons. By making use of our isotopic yields data [2] we 
have estimated the production yields of Ac-225 through 
proton and deuteron induced reactions on Ra-226 but for 
feasible and practical irradiation time of one, rather than 10 
days.  

II. METHOD 

Chaudhri et al 2, have estimated the production yields of 
all the isotopes which can be produced by the interaction of 
protons, deuterons and alphas of up to 36 MeV with 
elements and isotopes having atomic numbers from 20 to up 
to 90. They have presented the data in  graphical form from 
which the production yields from an infinitely thick, 
moderately thick or even a thin target can be directly 
obtained under any given irradiation conditions. 

For the production of Ac-225, through the (p,2n) and 
(d,3n) reactions on Ra-226 the appropriate yield curves 
have been selected from reference [2], and the yields of Ac-
225 at different energies through the two types of reactions 
read from the curves. 

III. RESULTS AND DISCUSSION 

The production yields of Ac-225, through the (p,2n) and 
(d,3n) reactions on a thick Ra-226 target, at 100 μA beam 
current and an irradiation time of 1 day, are shown in table1 
It can be seen from table 1 that, from a thick Ra-226-target, 
production yields of 1.1 x 10 10, 1.85 x 10 10 and 2.04 x 10 10 
Bq can be obtained at proton beam intensity of 100 μA, 
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irradiation time of only one day, at proton energies of 20, 30 
and 34 MeV respectively. The yields from (d, 3n) reaction 
on thick Ra-226 are relatively smaller than with the (p,n) 
reaction. 

Table 1 Production yields of Ac-225 through  (p,2n) and (d,3n) on a thick 
target of Ra-226  

                                                     226 Ra(p , 2n)             226 Ra(d , 3n) 
Incident energy  
(MeV) 

Yield Bq for 100 
μA beam and 1 
day irradiation 
time 

Yield Bq for 100 
μA beam and 1 
day irradiation 
time 

20 1.1  x 10 10 1.6 x 10 9 
24 1.6 x 10 10 5.2 x 10 9 
28 1.9 x 10 10 9.2 x 10 9 
30 2 x 10 10 1.1 x 10 10 
32 2.1 x 10 10 1.3 x 10 10 
34 2.1 x 10 10 1.4 x 10 10 

IV. CONCLUSIONS 

It is suggested that practical quantities of Ac-225 can be 
produced by the reaction of protons and deuterons on  
Ra-226, for irradiation time of only one day, and not 10 
days as mentioned in ref. [1] which is obviously 
impractical. The energies considered here are usually 
available from medical cyclotrons operating in many 
hospitals and medical institutions around the world. 
Furthermore, it is also shown that proton induced reactions 
on Ra-226 produce much higher yields than the reactions 
with deuterons. These are also more economical because to 
obtain the same energy of deuterons, as those of protons, 
one would generally need a cyclotron of twice the size and 
hence of much higher costs. 
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Abstract— As a part of specific QA for IMRT plans, do-
simetric effects of 120 Leaf Millennium MLC (Varian Medical 
Systems, Palo Alto, CA, USA) were evaluated quantitatively at 
6MV photon beam on Varian 21EX, and customized program 
was developed to reconstruct 2D dose map at specific depth 
with high spatial resolution (1 mm). Midleaf, interleaf, 
rounded leaf end transmission dose and scattered dose from 
MLC were measured by films and evaluated. Tongue and 
groove transmission dose was also derived by superposition of 
single fan beam kernel data derived from measured open beam 
profiles. All measured data were used to resource data in our 
programs. Intensity map was created from MLC sequence files 
and dosimetric resource data. And 2D dose kernel profile of 
1mm2 pencil beam was derived from 100 mm2 open beam 
profile by iterative method using line search optimization 
algorithm. Primary dose map at open region from dMLC was 
reconstructed by using superposition-convolution method with 
derived kernel data and intensity map. Extra dose from dMLC 
at each segmented MU were also calculated from measured 
dosimetric data and intensity map, and added to primary dose 
map.  Generated final 2D dose map could show the dose con-
tributions from dMLC in intensity modulated plan. Our pro-
grams can be effective tools to evaluate accurate dosimetric 
effects from dMLC and can be used as a QA tool for general 
patient specific plan verification. 

Keywords— IMRT, patient specific QA, 2D dose map, dMLC 

I. INTRODUCTION  

Intensity Modulated Radiation Therapy (IMRT) is 
widely used in radiation therapy due to its good dose cover-
age to targets and saving normal organs and tissue. Sliding 
windows technique is one method of beam delivery in 
IMRT, and it can deliver more accurate dose than step and 
shoot technique. But it also requires additional quality as-
surance (QA) of dynamic multi-leaf collimator (dMLC), 
because small dosimetric effects of dMLC can affect large 
variation of delivered dose[1][5]. Most of treatment plan-
ning system (TPS) did not considered all doismetric effects 
of dMLC because of calculation performance or limits of 
algorithms.  

Patient specific QA for IMRT plans are routinely per-
formed by the measurement of point dose at interesting 
points and the measurement of 2D dose map at interesting 

depth. The measurement of 2D dose map is performed using 
films or 2D array detector. Film dosimetry spends so much 
time for its development and scanning procedures, and 2D 
array detector also has some limits of poor resolution (5~10 
mm). Fast and accurate verification of IMRT plans is re-
quired in clinical situations. 
In this study, we carefully measured doses of interleaf 

leakage, mid-leaf leakage, scattered dose from dMLC, T&G 
transmission dose, and rounded leaf end transmission dose 
of Millennium 120-Leaf MLC (Varian Medical Systems, 
Palo Alto, CA, USA) as a part of QA for IMRT plans. Then 
we developed customized program to reconstruct 2D dose 
map with high resolution (1 mm) for alternative method to 
QA using film or 2D array detectors.    

II. MATERIALS AND METHODS 

A. Measurement and analyze doesimetric effects of dMLC 

6MV photon beam on Varian 21EX (Varian Medical 
Systems, Palo Alto, CA, USA) that mounted Millennium 
120-Leaf MLC was used for measurement. Kodak XV-2 
film was inserted at 1.5cm depth (dmax) in water equivalent 
phantom with 10 cm’s backscattering medium, at 100 cm 
source to film distance. After irradiation, all films were 
scanned and calibrated with data of OD to dose curves. 

 Leakage dose from MLC is mainly contributed by 
transmission dose and scattered dose from MLC. Scattered 
dose is greatly varied with irradiated area of MLC (= colli-
mator FS)[2]. If the leakage dose at zero FS is derived from 
extrapolated measured dose data, it can be considered to 
transmission dose from MLC. Mid-leaf transmission dose 
was derived according to below equation:  

]1000/[)/(
)/()/(
)/(

__ MUcGyPARR
SADFPASpPAScMU

PADose
mlcscattermlctrans

measured +=
×××

 

,where Rtrans_mlc is a ratio of mid-leaf transmission dose to 
MU, and Rscatter_mlc is a ratio of scattered dose from MLC to 
MU. To measure leakage doses from MLC, all leaves were 
closed, and collimator was opened with various FS. Some 
patterns of leakage dose from MLC were also investigated 
through Y-axis that was perpendicular to the direction of 
dMLC movement. 
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 It is very difficult to measure changed dose accurately at 
tongue or groove region (TG) from single beam profile 
because of its small width (0.78 mm) and large dose gradi-
ent within spatial resolution (>0.5 mm)[1]. To quantify 
changed dose at TG, single pencil beam profile kernel was 
derived from measured single open beam profile along Y-
axis with 10 x 10 cm collimator and MLC FS. Then, 4 adja-
cent open beams with each 10 x 5 cm MLC in 10 x 20 cm 
collimator FS were irradiated to an another film to identify 
under-dose effect of T&G[1][3]. We simulated the same 
profile as adjacent beam profile by using superposition of 
single pencil beam profile kernel, then calculated changed 
dose at tongue or groove face at single beam profile. 

 To evaluate transmission dose from rounded leaf end, 
equivalent leaf shift have been widely adopted to the most 
of TPS[2][3][4]. But, it can make some dose discrepancies 
between planned dose map and actual delivered dose map 
when sliding dMLCs travel with very irregular speeds per 
each MU[2]. To evaluate transmission dose more accurately, 
we got two profiles: one is X-axis profile that contained 
transmission dose from rounded leaf end with 10 x 10 cm 
MLC and 15 x 10 cm collimator FS, the other is Y-axis 
profile with same MLC and 10 x 15cm collimator FS. Dose 
difference profile was acquired by subtracting Y-axis pro-
file to X-axis profile, then enhanced dose was evaluated 
through the distance from leaf tip due to rounded leaf end. 

B. Reconstruction of dose map for intensity modulated field 

All measured dosimetric data were converted to the dose 
per MU values, and saved to ASCII resource files. Midleaf 
and interleaf transmission dose were converted to the 
dose/MU values along each leaf position to contain the 
information of spatial variations. The rounded leaf transmis-
sion dose was recorded to the transmission ratio along the 
distances from leaf end. Tongue or groove transmission 
dose was used its previous calculated values.     
 To consider the positions of each leaves per segmented MU, 
MLC sequence file was exported from Eclipse TPS (Varian 
Medical Systems, Palo Alto, CA, USA). MLC sequence file 
defines all leaf positions per segmented MU fraction (about 
0.07% of total MU) with the spatial resolution of 0.1 mm. 
By analyzing field shape per each segmented MU, intensity 
map with 1 mm resolution was created as below rules: 

• Voxels in open region  = 1  
• voxels under leaf  = midleaf transmission ratio 
• voxels closed to leaf end  = rounded leaf transmission 

ratio + leaf transmission ratio 
• voxels under leaf and under collimator = 0.005 (0.5%)  

To reconstruct primary dose map by primary beam 
through open regions from leaves, 2D pencil beam kernel 

was derived from measured 100 x100 mm open beam pro-
files. Kernel was defined to the 2D dose distributions from 
1 mm x 1 mm pencil beam, and its spatial range was de-
fined to 60 mm x 60 mm by considering the effective range 
of electron transport from 6 MV photon beam. To derive 
kernel data based on measured profile, auto iterative opti-
mization algorithm based on line search method was 
used[6]. By superposition and convolution methods [7] with 
default pencil beam kernel and open beam intensity maps 
with 100 mm x 100 mm field size, 2D dose map was pro-
duced at first. And sum of dose differences for all voxels 
between calculated dose map and measured dose map was 
defined to the objective function values. Then, to minimize 
objective function, iteration roof was executed with adding 
or subtracting the gradient values of each kernel values with 
spatial variables to previous kernel values. When objective 
function value was reduced to predefined limits, iterative 
roof was finished and calculated kernel data was extracted. 
Then extracted kernel map and intensity map from MLC 
sequence files of IMRT plan were used to reconstruct pri-
mary dose map per each segmented MU by superposition-
convolution method. 

 The extra dose from dMLC was also calculated for all 
leaf positions per each segmented MU. Midleaf transmis-
sion dose and rounded leaf transmission dose was calculated 
using same method as primary beam dose map calculation. 
Because all transmission doses from MLC were defined 
along their spatial positions, dose at each voxel was also 
calculated by considering all its spatial positions. Interleaf 
transmission dose was added when the position of each 
voxel was in interleaf regions. When the voxel was posi-
tioned at tongue region or groove regions, then pre-
calculated tongue or groove transmission dose was added to 
that voxel. Finally scattered dose from MLC was added to 
all voxels according to each effective area of irradiated 
MLC per each segmented MU. 

III. RESULTS 

A. Dosimetric results 

Measured mid-leaf and interleaf leakage doses were in-
creased with collimator FS from 20.1 ± 0.4 cGy /1000 MU 
(A/P = 1.25) up to 26.6 ± 0.7 cGy /1000 MU (A/P = 5) 
because of the contribution of scattered dose from MLC. 
Derived ratio of mid-leaf transmission dose (= Rtrans_mlc) was 
20.5 cGy /1000MU at 10 x 10 cm collimator FS. Table 1 
summarizes Mid-leaf transmission dose and scattered dose 
per 1000 MU with each FS. Mid leaf leakage dose showed 
little variation along the Y-axis as shown in Fig. 1. Interleaf 
leakage had some repeated strong and week dose pattern 
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from -10 to +10 cm along the Y-axis (Fig.2) because of 
T&G structure of Varian Millennium 120 MLC. Interleaf 
transmission dose at even gaps that contained Y=0 position 
was 23.2 1.5 cGy /1000 MU, and 25.8 1.4 cGy/1000MU 
at odd gaps.  

Table 1 Mid leaf transmission dose and scattered dose from MLC with FS 

Collimator FS 0x0 5x5 10x10 15x15 15x20 15x30 

(A/P ratio) 0.0 1.25 2.5 3.75 4.3 5.0 

Mid-leaf transmission 
dose [cGy/1000MU] 

19.04 19.39 20.50 21.16 21.33 21.56 

Scattered dose from 
MLC [cGy/1000MU] 

0.00 0.08 0.64 2.22 2.86 4.27 

 

 

Fig. 1 Midleaf Leakage dose along Y-axis with various collimator FS 

 

Fig. 2 Interleaf Leakage dose along Y-axis with various collimator FS 

Under-dose by tongue and groove region was resulted 
from the sum of attenuated dose at tongue or groove region 
in 2 adjacent single beam profiles. Calculated under-dose 
was average 86.5%, and almost same along Y-axis. By 
simulating measured dose profile of T&G effect with sum 
of single fan beam kernels, the attenuated ratios of energy 
fluence at tongue or groove region were calculated to 16.0% 

and 11.9%. Then, the changes of dose in single fan beam 
kernel due to tongue or groove region were calculated to 
43.6% and 42.9%.  

Added transmission dose profile from rounded leaf end is 
shown in Fig. 3. Because of the uncertainty of sampling 
division (1 mm) from film data, the some differences were 
existed between left leaf and right leaf. That problem could 
be solved by folding left and right profiles, and average 
value was used to evaluate transmission dose through 
rounded leaf end. The region of enhanced dose above 3% is 
from -3 mm to to 8 mm in the direction of the shadow of 
leaf. Maximum enhanced dose is approximated to 28.5%. 
By integrating the area under the curves, equivalent leaf 
shift was derived to 1.6 mm.  

 

Fig. 3 Transmission dose profile from rounded leaf end 

B. Reconstruction of dose map for intensity modulated field 

Extracted kernel profile from open 100 x 100 mm2 pro-
file is shown in Fig. 4. Some peak regions were shown at 4 
axis region, and those are unreasonable values due to the 
limitation of iterative methods. But reconstructed 100 x 100 
mm2 dose profiles was well agreed with calculated profiles, 
and those peak did not make significant errors.  

 

Fig. 4  2D kernel profile of 1mm x 1mm pencil beam 
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Fig. 5 is a example of reconstructed 2D dose map from 
Left-posterior fields for prostate IMRT plans. The distribu-
tion of primary dose is shown Fig. 5-a), and valley region 
was produced to protect rectum region. Extra dose from 
dMLC was greatly dependent on each leaf movement per 
segmented MU. Some high dose region at right side in Fig. 
5-b) was resulted from major contribution of rounded leaf 
transmission because the motion of right leaves was so 
small during beam on time. Effective leaf gap method could 
not calculate these MLC dose accurately, but our programs 
could evaluate these dosimetric effects accurately.  

 

Fig. 5 Reconstructed 2D dose map from Left-posterior filed for prostate 
IMRT plan: a) primary dose map from open region, b) extra MLC dose 
map, c) total dose map, d) profiles between A and B.  

The profiles of primary dose, extra MLC dose and total 
dose between point A and B were shown at Fig. 5-d). The 
contributions of MLC dose was greatly varied with the 
motion of dynamic MLC and it could be up to 10 % of the 
max dose. The peak value of extra MLC dose at Fig. 5-d) 
was explained by the little motion of right leaves. The con-
tribution of MLC dose at valley region was also very high, 
and those regions could make great discrepancies between 
planning data from TPS and measured data from film or 2D 
array detector. Careful consideration should be required at 
such regions to decide whether the plan was acceptable or 
not. 

IV. CONCLUSIONS  

Dosimetric results for 120 Leaf MLC showed some dif-
ferent characteristics from 80 Leaf MLC. The interleaf 
transmission dose was greatly varied with each interleaf 

positions especially, and those patterns seemed to be repro-
duced at daily measurements. We did not identify those 
variations with different gantry angles. But, because routine 
QA for IMRT plans by using film or 2D array detector was 
performed at 0 degree of gantry, our dosimetric results 
would be sufficient for routine QA procedures. 

Our developed programs could calculate whole effects of 
dMLC for IMRT plans with high resolution. We did not 
consider the spatial variation of scattered dose from MLC, 
but it seemed to be minor problems because of its very 
small contribution. But careful verifications between our 
results from programs and measured results should be per-
formed, and those tasks will be our next task. Also, more 
evaluations for various clinical cases will be required to 
acquire reliability of clinical use.  
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Development of an image-guided radiation therapy device for precise irradiation of 
small animal tumors  
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Abstract— An image-guided radiation therapy device for 
small animals such as mice and rats is proposed. The main 
components of the device are a single-pole metal-ceramic       
X-ray tube with a voltage range of 10 kV to 225 kV, an     
amorphous-Silicon flat panel detector, a three dimensional 
motorized positioning system holding a small animal test-bed, 
and a radiation protection housing. The final set-up of this 
device for medical treatment should allow isocentric        
irradiation through complete 360 deg rotation of the radiation 
source and use of cone beam CT techniques. Development of a 
treatment planning software is also anticipated. This device is 
currently being designed and built. 

  

 

Requirements for such a device are described as       
following. The design of the device should allow a range of 

experiments with not only mice; the most widely used  
experimental animals in radio-oncological translational 
research, but also rats. To associate this device with the 
standards of those used in current animal experimental  
studies, irradiation with 200 kV X-rays is needed and at the 
same time the device must provide appropriate beam    
energies for imaging within a range of 20 kV to 60 kV.      
Treatment of experimental animals should be carried out 
using isocentric irradiation techniques with 360 deg rotation 
of the radiation source. The treatment bed for the          
experimental animals must be movable in all three spatial 
directions. Furthermore, the profile of each individual   
irradiation field should be variable within a field size of      
1 x 1 mm² to 20 x 20 mm². In order to eliminate the      
initiation of cell repair mechanism during irradiation, the 
dose rate in the target volume should not be less than 1 
Gy/min. For the purpose of imaging, the device needs to 
have an X-ray detector with individual projection imaging 
capability including fluoroscopic image acquisition at any 
angle. Rapid acquisition of angle dependent projections for 
tomographic reconstruction (cone-beam CT) should be 
achievable. These possibilities of imaging are useful for 
both; tumor localization and positioning the experimental 
animal in the required arrangement, as marking an isocenter 
cross-mark on the skin of the experimental animal is     
difficult due to the highly flexible skin of mice and rats. 
Furthermore, with the help of 3D imaging, a shift in the 
target volume should be correctable. For the imaging    
system, a spatial resolution of 90 µm – 100 µm is required.  
As a significant addition to the device features, the        
development of software for treatment planning is antici-
pated. The beam energies used need a dose calculation  
algorithm based on Monte-Carlo methods. Finally, for safe 
and daily operation of the device in the laboratory, this 
device should be covered by radiation protection housing. 

Keywords— small animal irradiator, micro IGRT 

I. INTRODUCTION  

In recent years, a rapid progress in the imaging of small 
animals has been achieved. Almost all the imaging       
modalities used for humans have also been customized for 
rodents (micro CT, micro MRI, and micro PET). So far in 
cancer research, these imaging techniques are predomi-
nantly used in animal experiments designed mainly for 
study of pharmaceutical substances. Although human   
radiation therapy, for quite some time, has been using these 
imaging techniques for therapy to be more precise and effi-
cient, these developments are not reflected in case of animal 
irradiation. The reason lies in the fact that the existing   
irradiation techniques for small animals can be compared to 
the human radiation therapy techniques of the 1950s. As 
human tumors are meanwhile irradiated using highly-
conformal, stereotactic and intensity modulated techniques, 
at the same time experimental animals are placed under 
coarse standard collimation. To investigate current precision 
radiation therapy in animal experiments successfully, a 
small animal irradiation device with indispensable technical 
capabilities needed for precise irradiation is highly desirable. 

II. MATERIAL AND METHODS 

   

Basic components for the intended irradiation device as 
shown in Fig. 1 include an X-ray delivery system (YXLON, 
Germany) consisting of a 4.5 kW generator system       
connected to a single pole metal-ceramic X-ray tube (Y.TU 
225-D02, YXLON, Germany) by a high-voltage cable, and 
an image detector (C9311DK, Hamamatsu, Japan). Various 
components of the device are arranged as shown in Fig.1. 
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Fig. 1 CAD-assembly of the proposed device 1. Rotating arm, carrying: a. X-ray tube, b. Primary collimator, c. Secondary collimator, d. Flat panel detector  
2. High-voltage cable, 3. Worm drive, 4. 3D positioning system, 5. Cable guiding tray, 6. High-voltage generator, 7. Rotating platform, 8. Servo motors. 

A key issue in the design of this device is the supply of 
high-voltage from the generator to the X-ray tube using a 
high-voltage cable, since the bending radius of this high-
voltage cable for mobile applications should not be less than 
40 cm. Also, as the torsion of the cable is not allowed, the 
high voltage generator is placed on a rotating platform with 
a vertical rotation axis whose motion is synchronized with 
the motion of the rotating arm mounted over a gantry with a 
horizontal rotation axis allowing torsion-free rotation of the 
high-voltage cable. Power supply cables to the generator 
and other necessary cables are managed over a special cable 
guiding tray.     

 The X-ray tube has two foci with focal spot sizes of      
1 mm and 5.5 mm according to EN12543. The small focal 
spot can be preferred for imaging purposes due to its     
imaging characteristics, whereas the larger focal spot should 
be appropriately used for irradiation due to its higher beam 
power. The tube current can be varied by regulating the tube 
voltage within a range of 10 kV to 225 kV in steps of 0.1 
kV, so that both; the beam qualities for tumor irradiation as 
well as the contrast of radiographic images are easily    
accessible at user’s disposal. 
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Fig. 2 X-ray tube - Y.TU 225-D02 (Source: YXLON, Germany) 

The image detector is a flat panel detector based on a 
CMOS photodiode matrix with a CsI scintillator comprising 
an active area of 124.8 x 115.2 mm² with a pixel size of 100 
x 100 µm². A maximum frame rate of 30 Hz to 88 Hz is 
possible depending on the read-out mode, so that within a 
reasonable time a sufficient number of projections for   
tomographic reconstruction can be acquired. 

 

Fig. 3 Flat panel detector - C9311DK (Source: Hamamatsu, Japan) 

 

Fig. 4a Grid phantom image taken by flat panel detector 
  

 

Fig. 4b Grid phantom image taken by flat panel detector 

Fig. 4a and Fig. 4b show a grid-phantom test image taken 
by Hamamatsu flat panel detector, calculated as a mean of 
10 snapshots with background subtracted.  
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Fig. 5 Worm drive (Source: Franke, Germany) 

 Radiation fields are shaped through form-casted     
primary and secondary collimators with apertures made of a 
low melting point alloy commonly known as MCP 96.  
 The above-mentioned components of the device are 
mounted on a rotating arm which is driven by a worm drive. 
The rotating arm is a robust construction made of various 
elements of Aluminum-profiles (Rexroth-Bosch group, 
Germany). The worm drive (Franke, Germany) as shown in 
Fig. 5 consists of a rolling element bearing unit           
(LDZ-series) and a worm unit. The 4-point-contact, 2-ring 
antifriction rolling element bearing unit consists of an outer 
ring made of cast copper (GZCuSn12) with a high grade 
steel (C45N) inner ring rolling over wear resistant steel 
balls resulting in a rotary motion of the unit. This rotary 
motion is constrained by the worm unit coupled to an AC-
servo motor controlled by a servo controller providing 
clockwise and counterclockwise rotations without any play. 
The distance of the X-ray tube (focus) from the isocenter is 
calculated as 60 cm (this value is not yet practically tested 
and can be varied in due course of the experiments and the 
final assembly of the device). This distance should be a 
compromise among the imaging capability of the X-ray  
system, sufficient dose rate for irradiation and a reasonable 
size of the device.  

 The 3D positioning system as shown in Fig. 6 has been 
devised to position the experimental animal in the required 
arrangement. It consists of three special linear guides    
arranged in three spatial directions providing a slip-stick  

 

Fig. 6 3D positioning system with small animal bed (Source: Owis, Germany) 

free movement. These three guides are driven by three 2 
phase step motors and controlled by a PCI-PC plug-in card. 
Each guide has two inputs for incremental encoder or posi-
tion measuring system to position the animal bed precisely. 
By means of the software tool OWISoft and SDK for C, 
C++, and LabView, this 3D positioning system can be con-
figured and operated comfortably. 

III. CONCLUSIONS  

Decisive steps are taken in designing and developing an 
image-guided precision radiation therapy device for small 
animals. 
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A finger leaf design for dual layer MLCs  
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Abstract— Purpose: In current MLC designs, the shapes of 
leaf end (projected to the isocenter plane) are line sections. The 
radiation field shaped by MLC has a stepwise boundary, and is 
not identical to the desired target field with a smooth bound-
ary. The purpose of this study is to introduce a finger leaf 
design applied to dual layer MLCs, and to evaluate the per-
formance of the new design. Methods and Material: An opti-
mization model was first constructed to describe the problem 
of determining leaf end shapes, and the corresponding prob-
lems were then solved by the adaptive simulated annealing 
technique. Optimal parameters for arc shapes of leaf end pro-
jections were obtained, and a comparison was done between 
optimized MLCs and conventional MLCs in terms of field 
conformity. The optimization process was based on 634 target 
fields selected from the patient data base of a treatment plan-
ning system. Areas of these fields ranged from 20.0 to 602.7cm2 
with a mean and its standard deviation of 125.7±70.0cm2. 
Results: With the finger leaf design, the radiation field shaped 
by MLC has a smoother boundary rather than a stepwise 
boundary and the conformity of MLC shaped fields to the 
desired target fields is improved by 32.3%.  

Keywords— Finger leaf, Dual layer MLC, Field conformity 

I. INTRODUCTION  

The multileaf collimator (MLC) is becoming a standard 
beam shaping tool. Regarding leaf end shape, Current MLC 
designs only consider the leaf end shape in the direction 
parallel to primary X ray [1-3]. One type of MLCs have 
focused leaf end, and leaf end follows beam divergence as 
leaves move along focused trajectories. Another type of 
MLCs have rounded leaf end, and leaf end approximately 
follows beam divergence as leaves horizontally move in and 
out. However, the leaf end shape in the direction perpen-
dicular to primary X ray (i.e. the shape projected to the 
isocenter plane) is always a line section, and this results a 
stepwise radiation field when conforming MLC leaves to a 
desired smooth target field. To overcome this limitation, we 
propose a new leaf end design to improve MLC’s capability 
of shaping radiation fields.  

The proposed leaf end design is intended for dual layer 
MLCs. The dual layer MLC design was first proposed by 
Yao et al [4]. That MLC design can be thought as two con-
ventional MLCs arranged one above another. The two lay-
ers of conventional MLCs offset a half leaf width in the 

direction perpendicular to leaf movement so that interleaf 
transmission is minimized. 

II. METHODS AND MATERIAL 

A. Optimization model 

As mentioned above, in current MLC designs, leaf end 
shapes (projected to the isocenter plane) are line sections. If 
we change them to arcs, the conformity between MLC 
fields and desired target fields may be improved. Figure 1 
and figure 2 are schematic diagrams of shaping radiation 
fields using dual layer MLCs with leaf end shapes of line 
sections and arcs, respectively. Since a leaf with arc end 
looks like a finger, we call an MLC with such leaves as 
finger leaf MLC. 

 

Fig. 1 Shaping a target field with a conventional MLC 

 

Fig. 2 Shaping a target field with a finger leaf MLC 

To facilitate the design of leaf end shape, one must de-
fine an objective function to score different leaf end designs.  
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B. Problem solving Here, we use a geometric objective function that is the total 
area of discrepancy regions (TAD) between MLC stepwise 
field shapes and smooth target field shapes. A smaller TAD 
means better field conformity. 

A problem described by above model is a constrained 
nonlinear optimization problem, and may be solved by 
different optimization techniques. Here we use the tech-
nique of adaptive simulated annealing (ASA) that is a 
global optimization algorithm [11]. ASA provides more 
than 100 options for tuning over different classes of nonlin-
ear stochastic systems and has been applied to many scien-
tific fields including radiotherapy. 

Since an MLC is applied to many different target fields 
in its life time, the leaf end design should be determined to 
have the best conformity for all the target fields rather than 
a single one. However, it is impossible to predict those field 
shapes, and an optimization process would be infeasible if 
dealing with too many fields. Therefore, a group of target 
fields are introduced to serve as a sample of all those fields. 
The objective function is defined as follows: 

  (1) 

A program in C language is developed based on the 
downloaded ASA code. The flowchart of the full optimiza-
tion process is as follows: 1) read shape data of a group of 
target fields; 2) initialize leaf end radiuses; 3) a new solu-
tion is generated using random number generation engine of 
ASA; 4) calculate objective function value and use Boltz-
mann acceptance criterion to judge whether to accept this 
new solution; 5) repeat steps 3)-4) till the optimization 
process converges. 
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where Ns stands for the number of target fields and NL 
stands for the number of leaves. Rj(1 j NL) represents the 

radius of the arc shape for the jth leaf and  (1 i Ni
jP s, 1

j NL) represents the jth leaf’s position when shaping the ith 
target field. C. Target fields for model testing 

There are three geometric methods to determine MLC 
leaf positions, in-field method, out-field method and cross-
field method [5-10]. The method used here is the out-field 
method in which a leaf is entirely placed outside the target 
field and usually only one intersection point of the leaf and 
the target field exists (see figure 1 and figure 2). With this 
method, for a given value of the radius of the leaf ends, each 
leaf’s position can be determined for each target field sepa-
rately.  

To test the proposed model, we obtained the optimal leaf 
end radiuses for a group of target fields. This group of target 
fields was composed of 634 fields that were continuously 
selected from the patient data base of a commercial treat-
ment planning system (Pinnacle3, ADAC Laboratories, 
Milpitas, CA, USA). Each field had a boundary conformal 
to a treatment target with a margin of 0.5cm. The boundary 
was defined with about 100 points in Pinnacle3 system. The 
coordinates of all points were exported to a text file, and 
then read into the in-house developed optimization program.  The optimization model expressed in equation (1) can be 

simplified in two ways. The first one is assuming that leaves 
in symmetric positions have the same leaf end shape. In this 
way, the optimization parameters are reduced to about one 
forth of the number of leaves. The simplified problem is: 

   

The total 634 target fields came from 19 head-and-neck 
cases, 68 thorax cases and 17 abdomen cases. The area, 
width (field size in the direction of leaf movement), and 
length (field size in the direction perpendicular to leaf 
movement) of these field ranged from 20.0 to 602.7 cm2, 
4.0 to 25.9 cm, and 3.9 to 38.7 cm, respectively. Their aver-
ages were 125.7±70.0 cm
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, 10.7±3.3 cm, and 15.3±6.8 cm, 
respectively.  ANj1

where N  is the number of  parameters and  LWA j stands for 
the jth leaf 's width. The constraint means that the radius for 
the arc leaf end has to be larger than half leaf width in order 
to avoid concave spots along leaf edge. 

III. RESULTS 

A. Optimal leaf end radiuses when each leaf end may have 
different radiusAnother way of simplification is assuming that all leaf 

ends have the same radius. The model is further simplified 
as  

 

   sN

i
i RTADMin

1

)(

 s.t.        2LWR  (3) 

Inputs in the optimization model were specified as fol-
lows: each leaf’s width was set to 2 cm; the first layer MLC 
contains 20 leaf pairs and has a total width of 40 cm; the 
second layer MLC contains 21 leaf pairs and has a total 
width of 42 cm. The two layers are arranged one above 
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another in the beam direction and offset a half leaf width in 
a lateral direction. 

When the leaf end radiuses are assumed to be different as 
described in equation (2), the optimization results is shown 
in figure 3. We can see that leaf end radiuses distribute 
between 1.0~.1.3 cm and most of them are close to the hori-
zontal line in the figure which stands for the half leaf width, 
i.e. 1 cm. The average TAD for 634 target fields is 7.703 
cm2 when the conventional MLC is used, and is reduced to 
5.215 cm2 when the new finger leaf MLC is used (a reduc-
tion of 32.30%). 

 

 

Fig.3 Optimal leaf end radiuses for two MLC layers: (a) the first layer; (b) 
the second layer. 

B. Optimal leaf end radius when the end radius is the same 
for All leaves  

Inputs in the optimization model were the same as those 
in subsection A except that the leaf end radius was assumed 
to be the same for all leaves. The optimal leaf end radius is 
1.0 cm and the corresponding average TAD is 5.217 cm2. 
Compared with the conventional leaf end design, the aver-
age TAD is reduced by 32.27%. 

Comparing the results in subsection A and B, one can see 
that the optimal leaf end radiuses are similar (1.0~1.3 cm vs. 
1.0 cm), and the difference of the average TADs is only 
0.038%. But it’s much easier to manufacture leaves with the 
same end radius rather than leaves with different end radi-
uses. Therefore we suggest manufacturing finger leaf MLCs 

with the same leaf end radius of 1 cm. Since the correspond-
ing leaf width is 2cm, the leaf end is exactly a semicircle. 

To confirm the optimal radius of 1cm, we collected the 
average TADs for a series of leaf end radiuses in range of 1 
and 20 cm as shown in figure 4. One can see that the aver-
age TAD is minimum when the radius is 1 cm and the larger 
the radius is, the larger the average TAD. The infinite radius 
that is corresponding to the conventional line end design has 
the maximum average TAD. 

 

Fig.4 Variation of average TAD with leaf end radius. 

IV. DISCUSSION AND CONCLUSIONS  

Although the proposed leaf end shape is arc, other curved 
shapes, such as parabola and elliptical, have also been in-
vestigated by performing similar evaluations. They also can 
reduce the average TAD, but less than the arc. Obviously it 
is easier to manufacture leaves with arc end than those with 
parabola or elliptical end. So we think the arc leaf end is the 
best choice. It should be pointed that arc leaf end can not be 
applied to single layer MLC. The computation results we 
obtained show that for a single layer MLC, the arc leaf end 
will deteriorate the capability of shaping radiation fields. 

A geometric optimization objective, i.e. total area of dis-
crepancy, is used in the optimization model. If the dosimet-
ric effect needs to be evaluated, isodose lines can be solved 
analytically according to dose models (e.g. pencil beam 
convolution) and the discrepancy between isodose lines and 
target fields can be analyzed. The dosimetric effect can also 
be included in the proposed model as the objective function. 
However, since the implementation of a dosimetric objec-
tive function means evaluation of numerous treatment plans 
iteratively, the optimization becomes much more compli-
cated, even impossible.  

A finger leaf design is proposed for dual layer MLCs. 
The leaf end shape projected to the isocenter plane is a 
semicircle. Compared with conventional leaf designs, the 
proposed design can improve MLC’s capability of shaping 
radiation fields by 32.3% in terms of total area of discrep-
ancy. 
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Abstract— The head scatter factor Sh is one of the 

important parameters for MU calculation.  It is defined as a 
ratio of absorbed dose of arbitrary field to that of reference 
field.  The Sh can be determined by using two physical 
quantities.  One is energy fluence of primary photons 
generated from target and scattered photons from several 
components of treatment head.  Another is backscattered 
radiation from collimator jaws into monitor chamber.  In this 
study, to determine Sh for  intricate field shaped with MLC, 
primary and scattered photons from several head components 
were simulated using Monte Carlo method and output 
variation caused by backscattered radiation into monitor 
chamber was measured using a miniphantom.  In the 
simulation, geometry and materials of head component were 
precisely coded on the BEAMnrc, and the particles from the 
head components and incident into isocenter region were 
sampled into the phase space files.  The emit positions of 
scattered photons at the base of flattening filter were analyzed 
by using information of the phase space file and the energy 
fluence distribution of scattered photons as a function of 
radius at base of flattening filter was obtained.  The Sh was 
determined by integration of the energy fluence distribution 
within range defined by the field shape and contribution of 
backscatter into monitor chamber.  The calculated Sh agreed 
with the measured one within 0.3 %.   

 
Keywords— Head scatter factor, Monte Carlo Method 
Energy fluence, Scattered photons, Backscattered radiation  

 
Ⅰ. INTRODUCTION 

 
The head scatter factor Sh is one of the important 

parameter for MU calculation.  It is defined as a ratio of 
absorbed dose of arbitrary field to that of reference field. 

The Sh can be determined by using two physical quantities.  
One is energy fluence of primary photons generated from 
target and scattered photons from several head components.  
Another is backscattered radiation from collimator jaws into 

monitor chamber.  Especially, scattered photons generated 
from flattening filter and primary collimator affect the Sh.  
Some investigators reported the energy fluence from 
flattening filter by analytical study1,2.  However, there are 
a few reports by quantitative analysis using Monte Carlo 
method or others3. 

In this report, energy fluence of primary and scattered 
photons generated from several head components were 
determined by Monte Carlo simulation.  To obtain 
incident particles into calculation point of Sh, spatial energy 
fluence distribution of scattered photons at base of 
flattening filter were determined.  Output variation caused 
by backscattered radiation into monitor chamber was 
measured using miniphantom.   

 
Ⅱ. MATERIALS AND METHODS 

 
A. Photon simulation using Monte Carlo Method  

 

The geometry and materials of treatment head 
components from target to isocenter of Clinac 600C 
(Varian) was precisely coded using the BEAMnrc4 as 
shown in Fig. 1.  The parameters of incident electrons on 
the target were referred to the report of Bagheri et al5 and 
adjusted to agree with our dose distribution.  Primary and 
scattered photons were sampled within annularly 
partitioned region at scoring plane in Fig. 1.  

Emit coordinate at the base of flattening filter xff, yff were 
calculated using coordinate of x, y and direction cosine u, v, 
w at scoring plane as following, 
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where SSD is source to scoring plane distance and lbof is 
distance of flattening filter base plane to scoring plane as 
shown in Fig 2.   

 
B. Measurement of output variation caused by 

backscattered radiation into monitor 
chamber; Sb 

 
Output variation caused by backscattered radiation from 

jaw into monitor chamber; Sb was measured referred to the 
report of C. Duzenli et al6.  Measurement geometry is 
shown in Fig. 2.  Miniphantom was covered with blocks.  
And slit was made upper phantom.  Sb

 was determined 
using ionization reading M for field size A as following, 
 

b
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( )

M AS A
M Α



    (3) 

 
where Aref is the reference field (=10 cm×10 cm). 

 
C. Determination of Sh 
 

According to reports of Liu et al7,8, head scatter factor for 
arbitrary field A; Sh (A) can be expressed as following, 
 

'
h h b( ) ( ) ( )S A S A S A 

   (4) 

 
where Sh

’
 (A) is expressed by energy fluence of primary 

photons Ψp and scattered photons Ψs as following,  
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Ψp, Ψs was determined by integration of spatial energy 

fluence distribution of scattered photons within range 
defined by the field shape. 

Calculated Sh was evaluated by relative deviation Δ as 
following, 
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Fig. 2 Schematic diagram for determination of energy fluence 
distribution of scattered photons entered into 
calculation point 
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Fig. 1 Simulation geometry for sampling of primary and scattered 
photons (Varian Clinac 600C) 
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Fig.3 Measurement geometry for Sb 
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where Sh
mea is measured and Sh

cal is calculated Sh above 
mentioned method. 
 

Ⅲ. RESULTS AND DISCUSSIONS 

 
Primary and scattered photon fluence for several square 

fields is shown in Fig. 4.  Primary photon fluence does not 
depend on a side of square field.  On the other hand, 
scattered photon fluence increases slightly as field size 
increases.   

Scattered photon fluence generated from several head 
components as a function of field size is shown in Fig. 5.  
Scattered photons generated from primary collimator and 
flattening filter was account for 90.0 % of total scattered 
photon fluence. 

Energy fluence of scattered photons from primary 
collimator is shown in Fig. 6.  Scattered photons from 
primary collimator steeply increased within range from 0.3 
cm to 0.6 cm, and decreased within range from 0.6 cm to 
1.5 cm at flattening filter base. 

Energy fluence distribution of scattered photons from 
flattening filter is shown in Fig. 7.  Scattered photons from 
flattening filter decreased gradually as distance from central 
axis increases. 

The Sb is shown in Fig. 8.  Sb increased as field size 
increases. 

Comparison of measured and calculated Sh for several 
square is shown in Fig. 9.  Calculated Sh and measured 
one agreed within 0.3 % 

 
Ⅳ. CONCLUSIONS 

 
Primary photon generated from target and scattered 

photon from each head component was simulated using 
Monte Carlo method.  And energy fluence distribution of 
scattered photons was determined using phase space data.  
And the Sb was obtained by measurement.  The Sh was 
determined by integration of energy fluence of primary and 
scattered photons within range defined by the field shape 
and measured Sb.  Calculated Sh and measured one agreed 
within 0.3 %.  As a result, it is obvious that Sh for intricate 
field shaped with MLC can be determined by described 
method in this report. 

 
 
 

 
 
 

 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Total, primary and scattered photon fluence as a 
function of square field at the scoring plane 
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Fig. 5 Scattered photon fluence generated from several head 
components at the scoring plane 
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Fig.6 Energy fluence of scattered photons from primary 
collimator sampled at the base of flattening filter 
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Fig.7 Energy fluence of scattered photons from flattening filter 
as a function of distance from axis 

 

Fig.9 Comparison of measured and calculated Sh for each 
square field   

 
 
 
 

 

Fig.8  Sb  as a function of square field by 
equation (3)    
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Monte Carlo Dose Calculation using GPU-Based parallel processing 
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Abstract— Recently, it became possible to operate 
physical phenomenon using Graphics Processing Unit 
(GPU), and Monte Carlo calculation methods came to be 
researched about shortening the computing time using GPU 
positively.  This report shows how to significantly accele-
rate 3D dose calculation of photon beam using Graphics 
Processing Unit (GPU).  We describe GPU parallel 
processing method for dose simulation based on NRCC 
DOSXYZnrc. The GPU version of dose calculation algo-
rithm was implemented using NVIDIA CUDA program-
ming environment and executed on an NVIDIA 8800GTX 
GPU.  And the streaming version for Single Instruction 
Multiple Data (SIMD) in CPU was implemented using Intel 
C++ and executed on the CPU above mentioned.  For dose 
calculation, 403 cm3 of cube water phantom were coded 
using DOSXYZnrc, the GPU and the streaming version.  In 
addition, because the calculation of one particle was inde-
pendent in the Monte Carlo method of EGSnrcMP4), the 
parallel computation inter PC is possible. Then, three dose 
calculation systems of same spec were constructed.  In this 
report, dose calculation time of each algorithm was meas-
ured. The increase of the dose calculation speed using the 
streaming version was about three times against normal 
version.  And it was consumed that the calculation speed of 
GPU version was about four times against normal one.  
Moreover, it was shown to be able to increase the calcula-
tion speed by computing in parallel with the PC equipped 
with proposed method. 

 
Keywords— Monte Carlo method, GPGPU, Parallel Processing, 

Dose calculation 

I. INTRODUCTION  

Monte Carlo method is known as a highly accurate 
3D dose calculation algorithm.  However, this has the prob-
lem that the computing time is longer than the other calcula-
tion methods of clinical use, such as superposition and con-
volution.  In addition, to obtain accurate dose distribution, 
Monte Carlo needs the trial frequency because it requires 
deciding the optimal input parameters. 

Recently, it became possible to operate physical pheno-
menon using Graphics Processing Unit (GPU), and Monte 

Carlo calculation methods came to be researched about 
shortening the computing time using GPU positively1-3.  
Thus, this report shows how to significantly accelerate 3D 
dose calculation using GPU. 

II. METHODS 

A. GPU-based Monte Carlo calculation 

The geometry and materials of treatment head com-
ponents from target to lower jaws of Varian Clinac 21EX 
6MV X-ray was precisely coded using the BEAMnrc4), and 
simulated to obtain particle data (phase space data) using 
2.66 GHz Intel quad core processor.  The GPU version of 
dose calculation algorithm was implemented using NVIDIA 
CUDA programming environment and executed on an 
NVIDIA GTX280 GPU.  And the streaming version for 
Single Instruction Multiple Data (SIMD) in CPU was im-
plemented using Intel C++ and executed on the CPU above 
mentioned.  For dose calculation, 403 cm3 of cube water 
phantom were coded using DOSXYZnrc4), the GPU and the 
streaming version.  The dose calculation diagram of each 
PC was shown in Fig. 1.  In the GPU version and the 
streaming version, the all properties of the particles were 
used 32 bit precision floating point due to the restriction of 
hardware.  Because the calculation of one particle was inde-
pendent in the Monte Carlo method of EGSnrcMP4), the 
parallel computation inter PC is possible. Then, three dose 
calculation PC of same spec were constructed as shown in 
Fig. 2.  To reduce the overhead of the network and memory, 
Generic NQS batch system operated these systems.  In this 
report, dose calculation time of five kinds of algorithms was 
measured. These were the DOSXYZnrc compiled with 
common option (normal), the DOSXYZnrc compiled with 
SSE option (SSE Option), the stream version for SIMD 
(SSE), GPU version (GPU) and the parallel processing of 
SSE and GPU (SSE+GPU).  The number of incident par-
ticles on the phantom was about 1 billion when field size 
had been 102 cm2.  To avoid the complexity of the evalua-
tion calculation time, variance reduction methods were not 
used. 

 

O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/I, pp. 704–707, 2009. 
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B.

 Texture-based lossless data compression 

We propose another fundamental approach to com-
press digital images.  In the approach, we pay attention not 
for the pixel values but for the order of pixel values because 
the bit depth of pixels does not affect the order of pixel 
values. An image is divided into four no overlapping square 
blocks.  This dividing process is similar to so called quad-
tree division.  An image to be compressed is represented as 
a square array of pixels.  When the size of image is SS , 
division level Ln  (n = 0,1,2,···,logS) is defined.  Then, sub-

block size iL
BS  at the Li and number of blocks iL

BN  at Li are 

defined.  In each block, predictive coding method is applied 
and it will produce the code of size cp(n) for division level 

L

n.  At the same time, the block is sorted by permutation-
table that is created by the pattern of block.  Then the same 
predictive coder is applied to the result of sorting.  The size 
of code by this procedure is cs(n).  The difference of code 
sizes cl is computed by 
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.                                          (1) 

 
We select the coding method ca for a block by cl.  If cl 

is greater than 0, the permutation-table is applied before 
predictive coding; otherwise, the predictive coder codes the 
block directly. All blocks of Li is tested by (1), then each 
block is tested to do for further sub-division or not by (2) or 
(3). By dividing image to small sub-block, detail of image 
characteristic is well understood, however, such deep sub-
division will increase the number of blocks to be processed.  
At the first step, the entropy of four L0 blocks and L1 blocks 
is compared is compared with that of the code for L1 blocks 

that is consisted of four large blocks. The necessity of L1 
subdivision is judged by (2). 
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At L1 or higher subdivision level, the all of the entropy of 
the sub-images is not required.  Estimating the entropy of 
entire image at all division level may overlook the detail in 
the image.  Therefore, further subdivision can be performed 
locally taking account only the image area to be processed. 
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The block division process ends when S / 2Li become 

ST, where ST is the size permutation-table.  We must deter-
mine the size of permutation-table before starting hierar-
chical sorting.  Let us the necessary bits for storing the per-
mutation-table as Tbit.  When the size of permutation-table is 
ST, the Tbit is given by TTbit SST log .  As ST increase, Tbit 

increase rapidly.  There are ST ! different patterns in the set 
of permutation-table of size ST.  If we set the ST small, one 
pattern can be applied to many places in the image.  How-
ever, such parameter setting results in the situation such that 
the complex regions in an image is divided into many 
blocks, so a lot of bits are required to record the connections 
between the blocks.  In reverse, if ST is large, the compres-
sion ratio of the region becomes high.  However, the neces-
sary area to store the permutation-table increases and 
chances to apply the generated permutation-table to other 
region decrease.  In order to increase the chances of reuse of 
permutation-tables, we use fixed size permutation-table for 

 
Fig.2  I Parallel processing diagram of inters PC. Fig.1  Parallel processing diagram of each PC. 
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all division levels.  Here after, the word of “resolution” 
defines the number of the segmented region that quad-tree 
subdivision or permutation-tables make in a block.  For 
example, the resolution of a quad-tree block division is 4.  If 
the resolution of the permutation-table is higher than that of 
quad-tree block division, the sorting of Li overlaps that of 
Li+1.  At the complex region in an image, though rough 
sorting is done at Li, more precise sorting is done on Li+1.   
We call this technique “hierarchical sorting”.  In case that 
the size of permutation-table is 2×2, both the resolution of 
this permutation-table and that of the quad-tree block divi-
sion are 4.  In this case, sorting is repeated within each 
block, and the size of predicting code may become large in 
the regions of complex image pattern.  Therefore, permuta-
tion-table of the size of 2×2 was not used with this tech-
nique.  The permutation-tables used by our method are fixed 
size.  The same permutation-tables can be applied to many 
regions of the other many images if the image set has simi-
lar characteristics.  We propose an image set compression 
method by this assumption.  This approach is based on 

hierarchical sorting technique.   

III. RESULTS AND DISCUSSIONS 

The relative deviation  of the simulation to the mea-
surement of OAR became less than 1.0% by all calculation 
methods in smooth part.   was given by: 

                     
m

mS

D

DD
                                     (1) 

where Dm. is measured, and Ds. is calculated dose respec-
tively.  Moreover, the decrease of accuracy by having used 
32 bit precision floating point was not confirmed in this 
experiment.  Comparison of dose calculation time between 
the five calculation methods was shown in Fig. 3.  The 
increase of the dose calculation speed using the streaming 
version was about two times against normal.  And it was 
consumed that the calculation speed of GPU version was 
about four times against normal.  Moreover, it was shown to 
be able to increase the calculation speed by computing in 

 
Fig.3  Comparison of dose calculation time between CPU (nor-
mal), CPU compiled with SSE option (SSE Option), the stream 
version for CPU (SSE), GPU version (GPU) and the parallel 
processing of SSE and GPU (SSE+GPU).  And the variation of 
calculation time according to number of PC. 

  
 

    
 
 
 

Fig.4  Comparison between uncompressed data and compressed 
data at transfer time. 

 
Table 1  Example of compression ratio  

 

Field shapes Field size [cm2] Compressed size [MB] Compression ratio 

square 10×10 23.6 9.62×10-2 

square 25×25 58.8 2.37×10-1 

IMRT prostate irregular 40.6 1.65×10-1 
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parallel with the PC proposed method. 
The size to former data was shown in Table 1 about 

the dose distribution data within 3% in a statistical error 
margin by the VMC calculation. Thus, it became about 1/10 
about the square irradiation field of the 10×10 cm. It was 
confirmed that the compressibility changed greatly accord-
ing to the irradiation field size. Moreover, the variation in 
the data transfer time by the passage at the computing time 
when calculating in parallel with 6 PCs was shown in Fig. 4. 
The transfer rate of the dose distribution data had improved 
by becoming small of the statistical fluctuation of data. 

IV. CONCLUSIONS  

This report described GPU-based Monte Carlo dose 
calculation. It was confirmed that the dose calculation speed 
could be improved using the GPU version of Monte Carlo 
method.  Then, it was showed to be able to decide the best 
parameter earlier.  On the other hand, it was suggested to 

have to make the algorithm optimized more in the Monte 
Carlo calculation using GPU. 
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Different simple Models for Optimizing Convergent Beam Multiple Field 
Irradiation for Stereotactic Treatment Techniques  

N. Hodapp, R. Wiehle and F. Röhner, O. Ioan, H.-J. Koth, M. Passmann 

Radiotherapy Clinics, University Clinics, Freiburg, Germany  

Abstract— Simple models for the optimization of multiple 
field convergent beam therapy as used in stereotactic irradia-
tions are presented. They allow to predict start parameters for 
individual  treatment planning and for the preparation of class 
solutions. The models with different grades of approximation 
are compared with calculations of a treatment planning sys-
tem. 

Keywords— Convergent Beam, Multiple Field, stereotactic 
irradiation, optimisation 

I. INTRODUCTION  

Convergent beam multiple field techniques are often 
used in stereotactic treatment for radiosurgery as well as for 
fractionated Therapy. The superposition of many fields 
accumulates the dose in the region of the target volume and 
yields steep dose gradient in all directions around the target 
volume.  

The quality of the dose distribution mainly depends how-
ever on the following planning parameters: 1) the size of the 
target volume, 2) the pathlength through surrounding tissue 
and 3) the number of fields and their angular distribution. 
On the one hand a higher number of fields results in fewer 
inhomogeneities outside the target volume on the other hand 
an unnecessarily number of fields is a strain on staff and 
patient.  

The optimization of these parameters can be done with 
the help of the treatment planning system, but in most cases 
this is a tedious task. Suggestions for optimisation have 
been published (1,2) but they also need special implementa-
tions. We evaluated simple models, which are fast and easy 
to use, to test their ability to predict the maximum, mini-
mum and mean dose as a function of target size, distance 
from the target volume and the number of fields. 

II. METHODOLOGY 

A. Models 

All calculations were performed for a cylindrical patient 
phantom and a central cylindrical target volume, both radii 
being model parameters.  

The simplifications for the different models are as follows: 
1) Diverging beams, no TPR, steep edges and an od 

number of beams evenly distributed. The dose was 
calculated for each radius with aresolution of one 
degree. The mean dose (MD) is calculated by the 
sum (SA) of the contributing arc lengths in front of 
and behind the TV weighted by the number of 
beams.and the perimeter of the circle. The mini-
mum dose is set to MD*modulo(SA/2 π )/ (SA/2π ) 
and the maximum dose to MD*(modulo 
(SA/2 π )+1)/(SA/2π ) as this represents the maxi-
mum and minimum number of overlapping beams 
on the periphery. The difference between the 
minimum and maximum dose was taken as a 
measure of homogeneity.  

2) Diverging beams considering TPR, all other fea-
tures are as in 1)  

3) Dose calculation with a Theranostic Masterplan 
System. Maximum and minimum doses were ex-
tracted manually from the Isodose plot, as the 
planningsystem has no tools for such calculations.  

 

III. RESULTS 

As expected the models yield different results. Fig 1 
shows the maximum dose as a function of the target volume 
radii between 10 and 130 mm on the periphery of a circle 
with 140 mm radius. The irregular jumps in the curves are 
due to the steep edges of the fields, which start and stop to 
overlap at certain radii. These plots, which are rather similar 
for both models, can help to decide up to which target vol-
ume size and that means up to which peripheral dose the 
polydirectional homogeneity of the dose gradient should be  
kept. 

Fig 2 a and b show the limitations of the first model for 
small target volumes and a small number of fields. The 
second model shows a very good accordance to the data of 
the treatment planning system, as the influence of the TPR 
prevails. In such extreme cases therefore the model which 
integrates the TPR should be used. Fig 3 and 4 show the 
advantages of many fields: a smoothing effect, the decreas-
ing differences between maximum an minimum dose and 
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that high doses in the entrance region of the small fields 
near the patients surface may be avoided. 

Fig 1. Maximum dose on a circle with 140 mm radius  for 
increasing TV radii. Model 1 grey lines and model 2 black 
lines.  

Fig 2a.  Maximum dose on the periphery of circles with a 
radius between 20 and 140 mm, a target volume radius of 
10 mm and three incident beams. Red dots sho model 1. 
black dots model 2 and the black circles represent the Mas-
terplan results. 

Fig 2b Minimum dose for the parameters of Fig 2a. Legend 
as in 2a. 

Fig 3a. Maximum dose on the periphery of circles with a 
radius between 20 and 140 mm, a target volume radius of 
10 mm and seven incident beams. Legend as in 2a. 
 

Fig 3b. Minimum dose for the parameters of Fig 3a.. Leg-
end as in 2a. 

Fig 4a. Maximum dose on the periphery of circles with a 
radius between 20 and 140 mm, a target volume radius of 
10 mm and 15 incident beams. Legend as in 2a. 
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Fig 4b. Minimum dose on the periphery of circles with a 
radius between 20 and 140 mm, a target volume radius of 
20 mm and 15 incident beams. Legend as in 2a. 
 

 
Fig. 5 Isodose plot of Masterplan dose calculation for a 
patient radius=150 mm, target volume radius=10mm and 15 
fields.  

IV. CONCLUSIONS 

Maximum and minimum doses on the periphery of cir-
cles around the target volume provide compressed  informa-
tion about the homogeneity of the dose as a function from 
the distance to the target volume, which shows complex 
patterns (Fig. 5) as a function of  patient radius, target vol-
ume radius and number of fields. They help to find the 
minimal number of beams that yields tolerable entrance 
doses for the single field near the patients surface and si-
multaneously steep dose gradients in all directions around 
the target volume. Even the very simple model 1 can be 
used to recommendate an adequate number of fields as a 
class solution for frequently occuring combinations of target 
volume and patient diameter.  Model 2 showed a very good 
conformance with the data from the treatment planning 
system and may therefor be considerer as a realistic substi-
tute to time consuming treatment planning calculations, 
espcially for small target volume diameters or small field 
numbers.  .  
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Abstract— We compared three different treatment planning 
techniques to decrease the dose to the organs at risk in female 
patients with mediastinal Hodgkin lymphoma. We evaluated 
opposed fields (ap-pa), 3D conformal 4-fields and as a helical 
intensity modulated radiation therapy (IMRT) the tomothera-
py technique (TT). Dose conformation with tomotherapy plans 
was better, with greater sparing of the heart with left ventricle 
and coronary arteries. The breasts and the lungs received a 
higher median dose with tomotherapy than with conventional 
treatment. 

Keywords— IMRT, helical tomotherapy, conventional treat-
ment, Hodgkin’s lymphoma 

I. INTRODUCTION  

The cure rate of patients with M.Hodgkin´s lymphoma 
treated with multimodality therapy including chemotherapy 
and radiotherapy protocols is high. Long-term survivors 
after treatment of mediastinal lymphomas have an increased 
risk for late effects including cardiac morbidity and second-
ary malignancies [4]. We compared different planning tech-
niques that spare the critical organs like the heart with left 
ventricle and coronary arteries, the lung and the breast for 
different mediastinal target volumes [2,3,5]. 

II. METHODS AND MATERIALS 

We compared tomotherapy treatment planning (Tomo-
Therapy Hi-Art System, Madison, WI, USA) to opposed 
fields (ap-pa) and a 3D conformal 4-field technique for 4 
female patients using the Prosoma virtual simulation soft-
ware (MedCom, Darmstadt). The standard treatment plan 
dose distributions were calculated for the Oncor linear acce-
lerator (Siemens, Erlangen) with 40 leaves MLC (1 cm) 
using Oncentra MasterPlan (Theranostic, Solingen) and 
with pencil beam algorithm with heterogeneity correction. 
For a better homogeneous dose distribution we used – if 
necessary - extra small fields, so usually more than 2 fields 
for the ap-pa and more than 4 fields for the 4-fields plans 
were applied. We chose the same Gantry angle for ap-pa (0° 

and 180°) and for 4-field plan (0°, 90°, 180° and 270°). 
Normalization was done at the isocenter. We used individu-
al dose constraints for the tomotherapy plans [1]. For TT 
plan normalization 50% of the planning target volume re-
ceived the prescribed dose (Planning Station, version 
3.1.2.8). For tomotherapy and the linear accelerator the 
beam energy was 6 MV. The planning target volume PTV1 
included the paraclavicular lymph nodes, the upper and 
lower mediastinum. The median PTV1 volume was 894 
ccm (range 646 – 1128 ccm). For one patient additional 
target volumes were defined as follows: PTV2: paraclavicu-
lar lymph nodes and upper mediastinum (859 ccm) and 
PTV3: paraclavicular lymph nodes, upper and lower me-
diastinum and both hilar regions (1309 ccm). The pre-
scribed total dose was 30 Gy in 2 Gy fractions. 

III. RESULTS 

A. Planning Target Volumes 

PTV1: (Fig. 1) With opposed fields and the 4-fields tech-
nique the 95% isodose line encompassed 95% (median of 
all patients) of the PTV1, with the TT plan the 95% isodose 
line encompassed median 98.5%. For all plans (PTV1, 
PTV2, PTV3) we had target undercoverage so we made a 
compromise between PTV coverage and organ at risk pro-
tection. We tried to surround the PTVs by the 95% isodose 
line according to ICRU 50 guidelines. The median PTV1 
dose for the ap-pa plan was 104%, for the 4-fields 101%. 
For all TT plans the median dose was 100%, which was the 
normalization of the IMRT plans. The maximum dose in-
side the PTV was lowest for the tomotherapy IMRT (me-
dian 107%, ap-pa median 113% and 4-fields 111%). 

PTV2 and PTV3: With ap-pa and the 4-fields technique 
the 95% isodose line encompassed 95% (one patient) of the 
PTV2 and PTV3, with the TT plan the 95% isodose line 
encompassed 99% of the smaller PTV2 and 98% of the 
larger PTV3. The median PTV2 dose for the ap-pa plan was 
103%, for the 4-fields 101%. The median PTV3 dose for the 
ap-pa plan was 105%, for the 4-fields 103%. The maximum 
dose for the PTV 2 and PTV 3 was again lowest for the TT 
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plan (both 107%), for the ap-pa plan 113% and 114% and 
for the 4-field plan 109% and 111%. 

For all PTVs a better dose homogeneity and conformity 
could be achieved by the tomotherapy treatment plan. 

 

Fig. 1 Three different techniques of treating the PTV1: ap-pa, 4-fields, TT. 
blue 50-94%; green 95-106%; Red : >107% 

B. Heart with left Ventricle and Coronary Arteries 

Heart: The median heart volume was 465 ccm (405-516 
ccm). For the PTV1 75%/34%/20% of the heart volume 
received at least 90% of the prescribed dose for the ap-pa/4-
fields/TT plans respectively and 82%/82%/33% received at 
least 50%. For the smaller PTV2 (including less heart than 
PTV1) the difference between the 3 techniques is minor. 
18% of the heart volume received at least 50% of the dose 
for the ap-pa plan vs. 17% for the 4-fields and 10% for the 
TT plan. A considerable advantage for the large PTV3 
could be achieved for the dose reduction with the TT-plan: 
85%/82%/25% of the heart volume received at least 50% 
and 75%/27%/15% at least 90% of the dose for the ap-pa/4-
fields/TT plan, respectively (Fig. 2) 

 

Fig. 2 Average Dose Volume Histogram of the heart for all patients (plan-
ning target volume was PTV1) 

Left ventricle: The median ventricle volume was 144 
ccm (123-161 ccm). The dose data for the PTV1 is shown in 
the table1. Like for the heart the best ventricle sparing was 
achieved with the TT plan. We found the lowest Dmean and 
the lowest dose in 25% and 75% of the ventricle volume 
(D25% and D75%). 

Table 1 Average Left Ventricle Dose 

Technique Dmax Dmean D25% D75% 

Ap-pa 98% 51% 58% 42% 

4-fields 101% 46% 68% 20% 

Tomo 101% 28% 40% 5% 

 
Coronary Arteries: The median coronary arteries volume 

was 2.5 ccm (1.5-3.3 ccm). Dmax was nearly the same for all 
techniques. Dmean was the lowest for the TT plan. The re-
sults for the intermediate PTV1 are shown in table 2. 

Table 2 Average Coronary Arteries Dose 

Technique Dmean Dmax 

Ap-pa 84% 99% 

4-fields 84% 101% 

Tomo 57% 99% 

C. Breasts and Lung 

 Breasts: The median breast volume (median of all pa-
tients for both breasts) was 543 ccm (288-748 ccm). The 
breast volume in the low dose range is higher for the TT-
plan than for ap-pa and 4-field technique, but the maximum 
dose is lower for the TT plan for all PTVs. In the PTV1 case 
38%/63%/95% of the breast volume received at least 10% 
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of the prescribed dose for the ap-pa/4-fields/TT plan and 
8%/19%/1% received at least 50% of the prescribed dose, 
respectively. For the ap-pa and the TT plans the median 
dose to both breasts was not correlated to total breast vo-
lume: 12% (range 6-19%) of the prescribed dose for the ap-
pa plan and 21% (range 18-26%) for the TT plan. Because 
of the heart sparing in the tomo IMRT plan the average dose 
of the left breast was always about 2% lower than the aver-
age dose of the right breast. For the 4-fields plan there was a 
median breast dose increased with total breast volume be-
cause of the lateral fields. The patient with the largest 
breasts received an average dose of 29% of the prescribed 
dose, the one with the smallest 11%. 

Lung (average of all patients): The medium total lung 
volume was 2590 ccm (range 1804-3410). The lungs re-
ceived a higher V3Gy (volume which received at least 3 Gy) 
for the TT plan but a lower dose for the mean Dose, the 
V20Gy and the V30Gy (volume which received at least 20 Gy 
or 30 Gy) shown in table 3.  

Table 3  Median Total Lung Dose for all patients 

Technique V3Gy Mean dose V20Gy V30Gy 

Ap-pa 92% 20% 24% 15% 

4-fields 59% 52% 22% 11% 

Tomo 99% 39% 15% 5% 

 
Lung (different PTVs for one patient): The total lung vo-

lume was 2882 ccm. The same trend was seen for the other 
planning target volumes. The lungs always received a high-
er V3Gy for the TT plan but a lower dose for the median 
dose, the V20Gy and the V30Gy. Table 4 shows the total lung 
dose for all target volume scenarios. 

Table 4  Total Lung Dose for the three different PTVs 

Technique V3Gy Mean dose V20Gy V30Gy 

PTV 2 Ap-pa 35% 23% 21% 12% 

PTV 2 4-fields 60% 42% 19% 10% 

PTV 2 Tomo 64% 20% 12% 4% 

PTV 1 Ap-pa 50% 34% 32% 18% 

PTV 1 4-fields 90% 68% 36% 16% 

PTV 1 Tomo 98% 32% 16% 4% 

PTV 3 Ap-pa 70% 51% 47% 34% 

PTV 3 4-fields 94% 77% 38% 22% 

PTV 3 Tomo 99% 46% 23% 4% 

IV. CONCLUSIONS  

Tomotherapy might result in a lower risk of long term 
organ-toxicity after radiotherapy including cardiac morbidi-
ty due to better sparing of the heart with the left ventricle 
and the coronary arteries from the high dose region. The 
aim of heart sparing was best achieved with the TT plans. 
The benefit will vary in the patients anatomy, the advantage 
of TT increased with larger heart volume. On the other 
hand, especially in young patients, the risk of induction of 
secondary malignancies has to be taken into account which 
might result from larger low dose tissue volumes with to-
motherapy. This has to be considered in particular for young 
female patients with larger low dose coverage of the mam-
mary glands. In addition patient anatomy and comorbidity 
should be taken into consideration when choosing the ap-
propriate RT technique. 
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Abstract— Gated intensity modulated radiation therapy is 
often used for a lung cancer treatment. We investigated dosi-
metric accuracies of delivered radiation from each segment 
due to lag effect of beam on and off by a gating system varying 
dose rate from 100 to 600 MU/min. 7 ports step-and-shoot lung 
IMRT study which is planned with the direct machine parame-
ter optimization (DMPO) option in Pinnacle3 and the respira-
tion signals acquired from the Real-time position management 
(RPM) system of the home-made moving phantom were tested. 
We analyzed Dynalog file since all information of MLC includ-
ing leaves position and delivered dose is recorded in that file. 
The discrepancies between the planned MUs and delivered 
MUs increased along with an increase of dose rate, even more 
than 0.5 MU. However there was no significant additional 
error due to gating system comparing with ungated cases. 
MLC controller communication delay time was more serious 
for both cases. 

Keywords—gated IMRT, step-and-shoot, lung cancer, RPM 
(Real-time position management),  Dynalog 

I. INTRODUCTION  

Even though intensity modulated radiation therapy is now 
widely used in clinic, still it is challenging applying the 
technique to moving sites e.g. lung [1]. To overcome this 
problem, gated intensity modulated radiation therapy is 
often used for a lung cancer treatment [2]. However 
carefulness should be followed for this kind of treatment 
since it has lots of uncertainties comparing to conventional 
treatment [3]. In this study, we investigated dosimetric 
accuracies of delivered radiation from each segment 
focusing on a lag effect of beam on and off by a gating 
system varying dose rate. 

II. MATERIALS AND METHODS  

A. Patient and plan 

 

Planning CT data of non-small cell lung cancer patient who 
treated at our hospital was used to make an IMRT plan, 
though he was not treated with IMRT technique. 7 ports 
step-and-shoot lung IMRT study was planned with the 
direct machine parameter optimization (DMPO) option in 
Pinnacle3.(Philips Medical Systems, Netherland)  We took 
4D CT data three times during the course to check tumor 
motion and response. PTV volume was 230 cm3 and tumor 
motion was 10.2 mm on the 4D CT images. Number of 
beams and segments, MU values are presented in table 1.  

 
B. Moving phantom study 

To deliver gated beams, respiration signals acquired from 
the Real-time position management (RPM, Varian Medical 
Systems, Palo Alto, CA) system of the home-made moving 
phantom were used. Figure 1 shows the moving phantom. 
Figure 2 shows the respiration signal of the patient and the 
phantom. To simulate a respiration motion of the patient, 
respiration cycle was set to almost identical actual motion. 
Respiration cycle was approximately 2.5 seconds, but 
displacement of phantom motion was set to 2 cm [4,5].  

 
Fig. 1  Home-made moving phantom which is capable of controlling speed 
and displacement of the motion..  
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Table 1 Planned IMRT data for the study  

Field number Gantry angle  # of segments MUs 

1 G0 10 70 

2 G30 11 114 

3 G160 11 93 

4 G190 11 90 

5 G225 9 45 

6 G270 7 42 

7 G320 9 41 

 total 68 495 

 
C. Gated and ungated beam delivery 

Planned beams were delivered using Clinac iX (Varian 
Medical Systems, Palo Alto, CA) varying dose rate from 
100 to 600 MU/min. (100, 300, 600 MU/min) For each case, 
gated and ungated beam delivery was tested as the same 
condition except beam gating. Threshold was set to 40~60% 
phase of the respiration signal to simulate more extreme 
case. Dynalog files were created during beam delivery [6].  

D. Dynalog file analysis 

We analyzed Dynalog file since all the information of MLC 
including leaves position and delivered dose is recorded in 
that file [7]. Delivered doses were evaluated only for the A 
bank MLCs, because written data for both A and B banks 
are almost same. 

III. RESULTS AND DISCUSSION  

Figure 3 shows the comparison result of planned and 
delivered MUs for each segment of field number 1 varying 
dose rates and resulted MU differences. Through the overall 
investigation, maximal MU discrepancy was up to 0.5 MU 
and it was observed in ungated cases. Beam hold-on by 
gating system seemed to invoke positive effect to beam 
delivery [1,2]. More studies should be followed in future for 
more cases. Elapsed time of each delivery varying dose rate 
for the gated and ungated IMRT treatment is presented in 
table 2. It is obvious that gated IMRT requires more 
treatment time though it depends on dose rate and duty 
cycle. Because we set 20% duty cycle, gated IMRT 
treatment time was more than three times than ungated case 
for 100 MU/min. In case of 600 MU/min, additional time 
was less than 50%. Thus it is recommended to use 300 
MU/min for both gated or ungated  IMRT treatment to 
compromise dosimetric error and treatment time. 

 

Table 2 Elapsed time of each beam delivery varying dose rates for gated 
and ungated IMRT treatment. 

  D/R Fld1 Fld2 Fld3 Fld4 Fld5 Fld6 Fld7 

gated 

600 26.5  37.0  41.1  33.6  23.4  17.1  26.6  

300 82.3  119.9  103.4  98.7  52.5  47.4  55.4  

100 215.6  300.0  280.8  270.5  138.7  129.7  131.6  

ungated 

600 19.6  25.7  31.9  24.7  18.9  12.9  22.5  

300 44.6  61.8  57.4  64.7  31.6  24.0  34.4  

100 54.0  82.5  78.3  69.6  41.4  33.9  43.0  
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Fig. 2 Normalized patient (dashed line) and moving phantom (solid line) 
respiration signals obtained from the RPM system.  

 
(a) 

 

 
(b) 

Fig. 3 Comparison of planned and delivered MUs for each segment of field 
number 1 varying dose rates (a b). 
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IV. CONCLUSION 

There was no significant additional error due to gating 
system comparing with ungated cases. MLC controller 
communication delay time was more serious for both cases. 
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Abstract—We have successfully used Monte Carlo (MC) 
techniques to simulate the geometry of a linear accelerator 
(LINAC) and the photon beam interaction with the virtual 
physiological humanoid (VPH) head.  We used EGSnrc 
software to perform the MC simulations.  The accelerator 
geometry and materials were based on the manufacturer’s 
specifications for Varian-CLINAC 2300 CD.  In order to verify 
the accuracy of the simulation, the photon beam interaction 
with a water phantom was simulated.  The percent depth dose 
(PDD) and beam profiles of the simulated beams were 
compared with experimental measurements.   Dosxyznrc was 
used to model the interaction of this beam with a 3-D CT 
phantom reconstructed from TIFF images of the Virtual 
Physiological Humanoid (VPH). A 3-D dose distribution was 
obtained and superimposed onto the phantom to obtain the 
isodose curves. The dose distributions were compared to those 
obtained by treatment planning software developed at the 
University of North Carolina (PlanUNC version 6.7.01R). It 
was found that MC methods gave generally lower entrance and 
exit doses than PlanUNC with percentage differences of 25 % 
and 10 % relative to maximum dose.  Generally, we obtained 
similar dose distributions except in regions of significant 
inhomogeneity such as bone-soft tissue interfaces.  
Disagreements between MC simulation and treatment planning 
software results in the skin dose and in inhomogeneous regions 
can have significant clinical implications. 

 Index Terms—Dosimetry, Monte Carlo, Linear accelerator. 

I. INTRODUCTION 

The accuracy of treatment planning dose distribution is 
very critical in delivering the appropriate dose to the cancer 
tissue and to minimize the dose to normal tissues and 
especially sensitive organs.  ICRU 24 [1] suggest that an 
overall dosimetric uncertainty of 5% is clinically acceptable 
in radiotherapy treatment using external beams. Achieving 
this requirement necessitates a detailed knowledge of the 
anatomy and radiation transport within the body. The 
largest source of error in calculations results from tissue 
inhomogeneities such as lung or bony anatomy and the 
subsequent loss of electronic equilibrium [2].  

Due to the complexity of photon and electron transport, MC 
methods are today widely used in several radiation therapy 
applications. MC simulations take long time to produce results.  
In order to make MC calculations feasible as a standard 

method in the clinical environment, various approximations are 
introduced to increase the calculation speed [3].   

Radiation therapy treatment planning systems can 
introduce dosimetry errors especially in regions of 
inhomogeneity, penumbra and irregular body contour. These 
errors may be detected during the commissioning or routine 
quality assurance by comparing the TPS results to 
experimental measurements.  In this work, we compare the 
dosimetry results from EGSnrc MC simulation with the 
dosimetry results of PlanUNC, a treatment planning software 
(TPS) developed at the University of North Carolina [4].  
This may prove to be a very valuable verification tool, since 
MC simulation results are very accurate and are not subject to 
experimental errors of dose measurement. 

II. METHODS 

A. Linear Accelerator Simulation 

A Varian Clinac 2300CD linear accelerator head was 
modeled by MC simulation. We used a well established and 
accepted MC code: EGSnrc (National Research Council, 
Canada (NRC)) [5]. The 6 MV photon beam model was 
simulated with various field sizes. The simulated LINAC 
head geometry and materials were obtained from the 
manufacturer (Varian Oncology Inc. Palo Alto, CA). To 
simulate the generation of x-rays, a circular mono-energetic 
primary electron beam of 6 MeV and 1.5 mm radius was 
used to impinge on the Tungsten target.  The global electron 
cutoff energy was set to 0.7 MeV (including rest mass of the 
electron) while the global photon cutoff energy was set to 
0.01 MeV.  The X and Y tungsten collimator jaws were set 
to 5×5cm2 symmetrical field size at 100 cm distance from 
the front of the electron beam target.  Transport parameters 
were fine-tuned based on the work of Sheikh-Bagheri et. al. 
[6] and I. Kawrakow et. al. [7]. Two hundred million 
histories were run in the dose simulation.  The average run 
time for 5×5 cm2 field size was about 8 days with a Dual 
Intel processor computer of 3.6 GHz.   

B. Validation of Simulation 

The simulated beam was validated by comparing the 
percent depth dose (PDD) and beam profiles measured in a 
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water phantom. The measurements were done using a 6 MV 
beam of a Varian Clinac 2300-CD linear accelerator and a 
homogeneous water phantom of 30×30×30 cm3. For point 
dose measurements in the phantom, we used the Pinpoint 
chamber type 31006 with 0.015 cm3 sensitive volume and 
Unidose E-electrometer (PTW-Freiburgh). Depth dose curves 
and beam profiles were measured for the 10×10 cm2 field 
size. A source to surface distance (SSD) of 100 cm was used. 
A beam profile was measured at the depth of maximum dose 
(1.5 cm), 5 cm and 10 cm.  The voxel size for scoring the 
dose to create the PDD curves was 1×1×0.1 cm3 up to 2.7cm 
depth, then 1×1×1 cm3 up to 30cm depth. That for scoring 
dose profiles perpendicular to the beam axis was 
0.4×0.4×0.2cm3 in the flat region and 0.2×0.2×0.2cm3. 

C. Simulation of Photon Beam Interaction with the VPH  

TIFF images, similar to Fig. 1 (a), of the head and neck 
region from the VPH were used to determine the MC 
simulation geometry. These TIFF images were converted 
into CT images by assigning CT numbers to each material 
as reported in ICRU Report 46 [8]. These CT images were 
then converted to DICOM format (Fig. 1 (b)). The DICOM 
CT images were then reconstructed into a 3-D phantom 
using CTCREATE, which is part of the EGS distribution.  
The VPH has over 40 tissue materials. However, EGSnrc 
allows only up to 7 different materials. We used the 
CTCREATE default ramp to convert CT numbers to 
materials and densities. The ramp is an interpolation of the 
density of ICRU materials of air, lung, soft tissue and bone.   
A left lateral 6 MeV beam was simulated to be incident on 
the VPH head.  The beam size is a 5×5 cm2. The collimator 
angle was set to zero. The dose distribution obtained 
through MC simulation was compared to that dose 
distribution obtained with PlanUNC TPS.  

 
(a) 

 
(b) 

Fig. 1 Pictures of a VPH TIFF image (a) before and after conversion to CT 
DICOM format (b) 

III. RESULTS 

The comparison of the experimental and the simulated 
PDD curves and beam profiles are shown in figures 3 and 4. 
The calculated % differences in PDD by MC are within 
about 2% of measurements, beyond the depth of maximum 
dose. However, the difference is up to 32% in build-up 
region due to the lack of charged particle equilibrium during 
measurement with the ionization chamber. There is good 
agreement between experimental and MC dose profiles in 
the flat and penumbra region of the beam.   
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Fig. 2 Comparison of simulated and experimental PDD for 10x10 cm2 field 
size 
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Fig. 3 Comparison of simulated and experimental profiles for 10x10 cm2 
field size 

The comparison between the dose distribution obtained 
by MC simulation and treatment planning software in VPH 
phantom is shown in figure 4.  In general, there is good 
agreement between the MC simulation and treatment 
planning software results except in the region of large 
inhomogeneities transition such air-tissue and soft tissue-
bone interface.  

Doses deposited along the central axis of the beam are 
generally lower for Monte Carlo methods compared to 
PlanUNC (Fig. 5).  EGSnrc simulation gave lower entrance 
and exit doses than PLUNC with differences of 31 % and 
10 %, relative to maximum dose.  EGSnrc dose results 
showed more variation in dose due to inhomogeneity at the 
bone-soft tissue (point A) and air-tissue (B) interfaces. 

 
(a) 

 
(b) 

Fig. 4 The dose distribution in VPH phantom obtained by (a) Monte Carlo 
simulation and (b) treatment planning software (Plan UNC) 
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Fig. 5 Variation of PDD along the beam axis through the VPH head. 
Several points along the central beam axis were chosen to investigate the 
variation of dose at the beam entrance, different tissue interfaces, and at the 
beam exit 

IV. CONCLUSION 

We successfully used MC software (EGSnrc) to simulate 
the linear accelerator photon beam interactions with water 
and VPH head.  We obtained very good agreement between 
the experimental and simulation results for the percent 
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depth dose and the dose profiles except in the penumbra 
region of the beam.  There was good agreement between 
dose distribution between MC simulation and treatment 
planning software except in regions of large tissue 
inhomogeneity such as the air-tissue interface and bone-
brain interface.  Using MC simulation in commissioning 
and testing of treatment planning software accuracy may be 
very valuable verification tool.  
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Investigation into the Pinnacle SmartArc Module for VMAT Planning  
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Abstract—This study describes the early investigation of a 
new VMAT planning module developed by Philips for the 
Pinnacle TPS.  

The Pinnacle solution for VMAT planning, SmartArc, was 
evaluated for example prostate patients including inverse 
planning, export, delivery and verification. The quality of 
verification was investigated as the gantry spacing of the arc 
used in the final dose calculation on the TPS was varied. The 
inverse planning was performed using the same objectives as 
for our established prostate IMRT programme. Verification of 
the treatment plan was performed using the Delta4 phantom 
(Scandidos, Sweden) on an Elekta Synergy linac. The robust-
ness of delivery to machine faults such as gantry overshoots, 
prf drop-outs, beam interruptions, and communication drop-
outs was investigated.  

SmartArc was able to produce clinically acceptable plans 
that were at least comparable to the standard IMRT plans. 
The time for delivery was around 100 seconds compared to 220 
seconds for the IMRT plans, mostly due to the separate load-
ing of each step-and-shoot IMRT beam compared to a single 
button push for VMAT. The quality of the verification was 
strongly influenced by the gantry spacing of the final dose 
calculation on Pinnacle, with <60% of pixels with a Γ<1 using 
a 2mm/2% tolerance for 8° spacing compared to >90% when 
using 4° for the final gantry spacing. However, the time for 
delivery increased from ~1.6 min to ~2.2min when the  
final gantry spacing was reduced. Repeat deliveries with a 
large range of faults and terminations induced did not degrade 
the delivered solution highlighted the robustness of the linac 
delivery.  

The SmartArc module developed within the Pinnacle TPS is 
able to produce clinically acceptable plans, provided a final 
gantry spacing of ≤4° is employed.  

Keywords—VMAT, SmartArc, Pinnacle, Delta4. 

I. INTRODUCTION  

Volumetric Arc Therapy (VMAT) [1,2] offers the poten-
tial of reduced delivery times and improved dose distribu-
tions for difficult cases when compared to IMRT. A new 
solution for the planning of Elekta VMAT produced  
by Philips Medical Systems as a module with the Pinnacle 
TPS – SmartArc - is investigated in this paper. Clinically 
acceptable prostate VMAT plans are produced using the 
three-dose level protocol from the Conventional or  

Hypofractionated High Dose Intensity Modulated Radio-
therapy for Prostate Cancer (CHHIP) trial and their delivery 
time and dosimetric verification as a function of control 
point spacing is investigated.  

A three-dimensional detector array, the Delta4 (Scandi-
dos, Sweden) [3] is utilized for the latter of these sets of 
measurements. In addition, the repeatability and resilience 
of the VMAT deliveries is investigated for plans created 
with SmartArc. 

II. METHODS 

A. Philips Pinnacle SmartArc 

Volumetric Arc Therapy treatment plans on an Elekta 
linear accelerator consistent of a series of Control Points 
(CPs) at different gantry and collimator angles each with a 
different MLC arrangement. During delivery, the linear 
accelerator interpolates the positions of its mechanical com-
ponents (gantry, collimator, jaw and MLC) such that each 
lies at the required position when the gantry passes through 
a Control Point. A VMAT treatment planning system is 
required to produce an optimal set of Control Points giving  
the required dose distribution whilst, at the same time, not 
exceeding the delivery constraints of the linear accelerator. 

A series of treatment plans were produced with Smar-
tArc, a VMAT planning module developed by Philips for 
their Pinnacle treatment planning system. SmartArc per-
forms inverse planning with Control Points spaced at a 
‘starting separation’ typically twice that of the ‘final separa-
tion’. The final Control Points are generated by interpola-
tion from those used for inverse planning. Several different 
plans were produced bu varying the final Control Point 
spacing within the range 2 degrees (181 CPs) to 8 degrees 
(46 CPs). The target delivery time specified in the SmartArc 
(120 seconds) and the dose fractionation (57Gy to prostate 
mean dose) remained constant for each plan. A small spread 
of Monitor Units (MUs) results from the separate optimiza-
tions leading to the different control point spacing – table 1.  

B. Dosimetric Verification 

The Delta4 system consists of two planes of p-type Si di-
odes mounted at -40° and 50° from vertical in a cylindrical 
PMMA phantom. The Delta4 has previously been used for 
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the dosimetric verification of RapidArc plans [4]. The use 
of two detector planes offers efficiency advantages over 
phantoms designed to be used with single-plane detector 
arrays such as the Octavius [5]. 

 

Fig. 1 Delta4 phantom in situ on an Elekta Synergy linear accelerator 

The detector boards were individually calibrated and a 
series of four field bricks and reference IMRT plans were 
used to verify the calibration.  In order to prepare the Delta4 
for its intended purpose of VMAT commissioning and veri-
fication, the following relevant dosimetric properties were 
investigated:  
 

• Precision: the Delta4 was used to investigate the 
repeatability and resilience of VMAT deliveries. 

• Dose linearity: if analysis of a VMAT plan on a 
control point by control point basis is to be per-
formed, the Delta4 was required to measure 
<10MU per control point for a ~500MU, ~40-90 
CP VMAT delivery. 

• Dose rate dependence: Since VMAT deliveries 
necessarily involve dose rate variation, the sensi-
tivity of the Delta4 to these variations required 
characterization. 

• Obliquity: For VMAT plans, it is not possible to 
avoid the treatment beam passing along the axis of 
the detector boards for part of the delivery and, 
therefore, the effect of this on the treatment deliv-
ery also required characterization. 

 
In addition to dosimetric validation, ten prostate IMRT 
plans were delivered to the Delta4, and the corresponding 
RTOG dose grids exported from Pinnacle.  A gamma analy-
sis at the 2%/2mm and 3%/3mm levels was carried out 

using the Delta4 software (whole plan and individual 
beams).  For comparison, the same ten plans were delivered 
to sagittal films in an in-house perspex phantom.  Sagittal 
dose planes were exported from Pinnacle and gamma analy-
sis carried out using an in-house IDL program. 

III. RESULTS 

A. Dose Volume Histograms 

 
Fig. 2 Prostate, rectum and bowel DVHs for VMAT treatment plans with 
control point spacing ranging from 2 to 8 degrees 

Figure 2 shows Dose Volume Histograms (DVHs) for 
prostate, bowel and rectum for the five plans produced with 
varying final control point spacing. All of the VMAT Con-
trol Point spacing plans were clinically acceptable within 
the context of the CHHIP trial DVH constraints. No differ-
ences of clinical significance were noted between the differ-
ent plans for these volumes.  

During delivery, the actual treatment time was repeatable 
to within +/-5 seconds for multiple deliveries.  

B. Delta4 IMRT Films 

All delivered IMRT combined distributions were consis-
tent between the Delta4 and film. Pixel failures of ~2% at 
the 3%/3mm level on film were also resolved by the Delta4. 

C. Treatment Verification and Delivery Times 

The full arc (-180 to +180 degree) plans produced by 
SmartArc were successfully delivered on an Elekta Synergy 
linear accelerator. Delivery times (in the range ~90-200 

Bowel

Rectum 

Prostate 
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seconds) were consistent between deliveries to within ±5 
seconds.  

It was seen that there exists a strong dependence on con-
trol point spacing of the gamma verification (moving from a  
<60% pass for an 8 degree spacing to >90% pass for a 2 
degree spacing when analysed at the 2%/2mm level) as well 
as on delivery time. A control point spacing of 2 degrees 
proved to be a much more restrictive constraint for the lin-
ear accelerator control system (LCS) delivery producing a 
longer delivery time. 

At a control point spacing of ≤4 degrees, an acceptable 
clinical verification is produced. However, a control point 
spacing of >3 degrees produces a clinically acceptable plan 
whilst also minimizing the treatment delivery time and 
treatment planning system dose calculation time. 

Table 1 Verification and delivery parameters 

Plan Control Points Monitor Units  Γ<1 2%/2mm Delivery time

2 deg 181 602 91.3 2.3 minutes 
3 deg 121 609 89.2 1.7 minutes 
4 deg 91 621 88.2 1.7 minutes 
6 deg 61 613 82.1 1.6 minutes 
8 deg 46 611 57.3 1.6 minutes 

 

 

Fig. 3 Dosimetric verification of VMAT plans is seen to be sub-optimal at 
Control Point spacing of greater than degrees 

D. Resilience and Repeatability 

In order to investigate the repeatability of the VMAT de-
livery, all plans were measured multiple times using the 
Delta4 phantom. Using a measurement as the reference data 
set, a gamma analysis was performed comparing different 
deliveries of the plan. At the 1%/1mm level, a 100% pass  
 

 

Fig. 4 2%/2mm gamma analysis of a VMAT plan with 2 degree Control 
Point spacing within the Delta4 software 

 
Fig. 5 2%/2mm gamma analysis of a VMAT plan with 8 degree Control 
Point spacing within the Delta4 software 

was consistently achieved demonstrating the excellent do-
simetric repeatability of the VMAT deliveries. 

Using the Delta4 in the same way as above, the resilience 
of the deliveries was investigated in several ways; interrup-
tion and termination of the beam; a simulated network fail-
ure; a symmetry error causing beam interruption. In all 
cases, a 100% pass at the 1%/1mm level was achieved. 

IV. CONCLUSIONS  

Clinically acceptable plans with varying Control Point 
spacing were produced using a new Volumetric Arc Ther-
apy (VMAT) module – SmartArc - within Philips Pinnacle. 
In a DVH comparison for the prostate, bowel and rectum, 
no clinically significant differences were observed between 
the plans.  

The plans were delivered to a 3-dimensional detector ar-
ray and a dosimetric gamma analysis performed. Provided  
 



724 C.G. Rowbottom et al.

 

  
 IFMBE Proceedings Vol. 25  

 

that a final Control Point spacing of ≤4° is employed, the 
plans were successfully verified to within this department’s 
clinical IMRT tolerance.  

A control point spacing of 2° produces increased delivery 
times as compared to 3 or 4° spacing with a limited im-
provement in gamma analysis pass values.   
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Abstract—The idea of Multibeam Tomotherapy is a turn-
key solution for multileaf collimator based, intensity-
modulated, image-guided and adaptive radiation therapy 
(IMRT, IGRT and ART respectively). We wanted to stream-
line the whole radiation therapy process with the patient in the 
center of all considerations. Through a close look at imaging, 
treatment planning, treatment delivery and treatment verifica-
tion we try to show why Multibeam Tomotherapy is highly 
efficient and worth realization. The TOM’5 linac as a new 

delivery machine can be complemented with state-of-the-art 
technology enabling IMRT, IGRT and ART. We present a new 
scheme for beam angle selection leading to improved dose 
distributions/dose volume histograms in clinical case studies. 
The fast planning procedure is advantageous if it comes to re-
planning or recalculation during an IGRT/ART course. 
TOM’5 provides an additional degree of freedom to the 
process of real-time IGRT/ART-the choice of 5 possible beam 
ports nor inevitably only one to reduce system reaction time 
when targeting a moving tumor. Concepts for inter- and intra-
fraction motion management have been established. 4D Multi-
beam Tomotherapy is a challenge under consideration. 

Keywords— adaptive radiation therapy (ART), image-guided 
radiation therapy (IGRT), intensity-modulated 
radiation therapy (IMRT), medical linear accele-
rator, tomotherapy 

I. FOR THE BENEFIT OF THE PATIENT 

Recently a renaissance of rotation therapy is to observe. 
The major medical accelerator manufacturers provide solu-
tions for delivering intensity-modulated radiation therapy 
(IMRT) by gantry rotation and with a dynamically operating  
multileaf collimator (MLC). kV or MV CT equipment is 
added or inherent to the linac design to enable image-guided 
radiation therapy (IGRT) and subsequently adaptive radia-
tion therapy (ART). As a result of new treatment planning 
optimization procedures respectively new treatment beam 
intensity variation short treatment times of only few minutes 
are claimed (RapidArc from Varian, VMAT from Elekta, 
HiArt from TomoTherapy) [1]. Thus the proposition of 
Multibeam Tomotherapy is possibly loosing one strong 
argument-it’s predicted reduced treatment times that im-
prove patient comfort and treatment quality. 

We have presented our concept of Multibeam Tomothe-
rapy in detail elsewhere [2]. The idea is a turn-key solution 
for multileaf collimator based, intensity-modulated, image-
guided and adaptive radiation therapy. Our patented treat-
ment unit TOM’5 consists of one dual energy linac with 
five fixed treatment heads arranged on a circular gantry. 
The electron beam is guided ringlike from head to head. 
Every flattening filter free head has a target to produce x-
rays and a MLC with an aperture of 40 cm x 7 cm in width 
and length respectively. For large treatment volumes the 
patient is irradiated broad slice by broad slice using discrete 
couch movements. 

The virtual Multibeam Tomotherapy design study 
TOM’5-CT contains also a dedicated electron beam CT 
(EBCT TOM’AGE, patent pending) and an objective opti-
cal topometric patient positioning system TOPOS (Fig. 1). 
However the TOM’5 linac as a new delivery machine can 
be complemented with state-of-the-art technology enabling 
IMRT, IGRT and ART. 

 

Fig. 1 TOM’5-CT design study with transparent cover and patient posi-
tioning system TOPOS in patient-friendly environment (animated graphics) 

With Multibeam Tomotherapy we wanted to keep every-
thing as simple as possible to streamline the whole radiation 
therapy process-the patient in the center of all considera-

O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/I, pp. 725–727, 2009. 
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tions. Through a close look at II. Imaging, III. Treatment 
Planning, IV. Treatment Delivery and V. Treatment Verifi-
cation we try to show why Multibeam Tomotherapy is high-
ly efficient and still worth realization. We define necessary 
characteristics and search for solutions within our new linac 
proposal. This will also help to optimize the design of a 
planned serial production near prototype. 

TOM’5 is developed from the medical physicists point of 
view for the benefit of the patient. Treatments will be fully 
automated, fast and precise. A wide gantry bore of 120 cm 
and a slim depth of 70 cm is very comfortable for the pa-
tient. The compact design reduces noises adding more 
quality to the patient-friendly treatment environment. All 
tumor localizations can be treated isocentrically as well as 
with non-coplanar beam arrangements with a couch rotation 
of ±54°. 

II. IMAGING 

The TOM’5 linac has no inherent 3D imaging. Adding-
on a standard CT is feasible with the loss of the full 120 cm 
linac clearance. Another possibility would be a flat panel 
kV CT preserving the wide bore leading to even longer pre-
treatment scan times to acquire image data [3]. 

An inherent 2D modality is electronic MV portal imag-
ing (MV EPI) available online during the treatment and 
adding no extra dose to the patient. Detectors can be inte-
grated into the beamstoppers opposite of every treatment 
head. Stereoscopic x-ray imaging can also be added to the 
setup. 

The objective optical topometric positioning system 
TOPOS (CyberTechnologies GmbH) is used for patient 
positioning and surface motion tracking. It is based on tech-
nology referred to as phase measured topometry and com-
prises a dedicated beamer and a video sensor for 3D surface 
detection. 

Still in the simulation stage but a future option is the 
EBCT TOM’AGE. It has a ring structure and can be fully 
integrated into the TOM’5 linac with the isocenter of the fan 
beams coincident to the isocenter of the treatment beams. It 
allows for 2D x-ray projections through the isocenter or 
even 3D CT scans during treatment. The clearance of 120 
cm is preserved. 

III. TREATMENT PLANNING 

Intensity-modulated arc therapy (IMAT) as mentioned 
earlier is planned on a multitude of single beam orienta-
tions. The optimization process is time consuming. Multi-
beam Tomotherapy is in principle also capable of IMAT. 

But is this really necessary? Only a limited number of beam 
directions are necessary to perform high-quality treatments 
as reviewed recently [2, 4]. It is faster to optimize few beam 
arrangements. This is much more important in the after-
effect if a re-planning becomes inevitable before a treatment 
fraction due to large deviations in the patient anatomy in 
comparison to the planning CT. Also in 4D CT treatment 
planning and re-planning the amount of calculations is tre-
mendous [5].  

Multibeam Tomotherapy inherently has 5 fixed beam di-
rections each 72 degrees apart. This first coplanar quintuple 
of beams has to be oriented carefully in respect to the pa-
tient anatomy by an experienced planner. In most clinical 
situations another quintuple of beams is necessary to gain 
not only acceptable but very good dose distributions. Initial-
ly we used evenly distributed 10 beams with angles of 18°, 
54°, 90°, 126°, 162°, 198°, 234°, 270°, 306° and 342° ac-
complished by a 36°-rotation of the five-head-gantry. We 
now changed the treatment scheme in our planning studies 
with the treatment planning system Pinnacle3 (Philips, ver-
sion 8.0m) as follows. The second quintuple is 24° (or -24°) 
apart from the first. If a third quintuple is needed it is again 
24° (or -24°) apart (Table 1). This leads to even better dose 
volume histograms for the PTV and critical organs of a 
breast, pancreas and a prostrate treatment mainly due to the 
avoidance of opposing beam directions as in the initial si-
mulations.  

Table 1  Optimized quintuple beam orientations 

Quintuples Initially Optimized 

1 (5 beams) case dependent case dependent 

2 (10 beams) 18°, 54°, 90°,…, 342° 18°, 42°, 90°,114°,…, 306°, 330° 

3 (15 beams) - 18°, 42°, 66°, 90°,…, 354° 

 
However it seems not to be necessary to use a search al-

gorithm based/experienced planner based search for opti-
mum beam orientations. This is very time efficient without 
compromising dose distribution quality. It might be possible 
to use such techniques not to miss the ultimate treatment 
plan on the cost of longer planning times but only for the 
first planning not for re-planning since in this case a new 
beam arrangement search is not necessary. A high efficien-
cy fast forward IMRT treatment planning like in Multibeam 
Tomotherapy is even more important if 4D radiation treat-
ments on the basis of 4D CT data are performed. 

IV. TREATMENT DELIVERY  

Multibeam Tomotherapy treatment planning is characte-
rized by a very high MU efficiency [2]. Running the linac 
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with 500 MU/min or even more leads to segment treatment 
times far below 1s. It might be useful to move from the 
static MLC delivery scheme (head after head meanwhile the 
other multileaf collimators prepare leafs for the next seg-
ment) to a dynamic MLC mode until it is again more time 
efficient to go back to step-and-shoot mode. Another option 
is to change couch operation from discrete steps to conti-
nuous motion during the treatment. This is work in progress 
to further reduce overall treatment time. 

The TOM’5 linac is characterized by technical stability 
with high isocenter accuracy enhancing treatment quality. If 
one MLC is out of work its angle position can be replaced 
by neighboring heads rotating the gantry. No patient treat-
ments have to be cancelled. 

As described in chapter II. the TOM’5 linac is/will be 
equipped with internal/external 2D and 3D patient anatomi-
cal data acquisition devices. Inter-fraction (or day-to-day) 
IGRT/ART is then possible even with a very fast re-
planning before treatment in the context of a predicted new 
“image-plan-treat” process [6]. 

Intra-fraction (or real-time) motion can also be de-
tected/tracked. TOM’5 provides an additional degree of 
freedom to the process of online IGRT/ART-the choice of 5 
possible beam ports nor inevitably only one to reduce sys-
tem reaction time when targeting a moving tumor. 

The Multibeam Tomotherapy concept as 4D radiation 
therapy is still under consideration. Due to the slice by slice 
irradiation of large tumors we encounter a multi-isocenter 
treatment with a moving target. 

V. TREATMENT VERIFICATION  

According to chapter II. to account for inter-fraction mo-
tion a kV CT and/or stereoscopic x-ray device and the opti-
cal positioning system TOPOS will be added to the TOM’5 

linac. They can be used to correct for internal and external 
patient positioning errors respectively on a day-to-day basis 
before each treatment. TOPOS measures the positioning in 
relation to the planning CT. Cumulative positioning errors 
can be presented or a recalculation of the real dose distribu-
tion triggered. 

EPI devices are placed inside the beamstoppers. They 
will be used for real-time anatomy and dose verification. 

Intra-fraction motion management is enabled in an open-
loop control design by combining the above features [7]. If 
MV EPI, stereoscopic x-ray imaging and/or TOPOS detect 
large deviations from predictions like a 4D CT the treatment 
is stopped until the situation becomes regular again. If ne-
cessary a new 3D patient data acquisition is performed with 
the respective CT device. 

VI. CONCLUSIONS 

In consideration of all circumstances we think that Mul-
tibeam Tomotherapy is worth realization. As earlier shown 
treatment times are very short and MU efficiency is very 
high [2]. It is easy to add or even incorporate all the possi-
ble imaging modalities and treatment verification tools 
needed to enable IGRT/ART. The fast planning procedure 
is advantageous if it comes to re-planning or recalculation 
during an IGRT/ART course. We have presented a new 
scheme for beam angle selection leading to improved dose 
distributions/DVHs in clinical case studies. Treatment deli-
very will be very stable and reproducible. Concepts for 
inter- and intra-fraction motion management have been 
established. 4D Multibeam Tomotherapy is a challenge 
under consideration. 
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Abstract— Ion chamber, diode detector and film are used 
for measuring small field of SRS. The diode detector is 
recommended to measure the beam from CyberKnife recently. 
In this study, various detectors had been used to measure the 
beam data and compared that for each CyberKnife of 
domestic and foreign departments.  

All measurements of the beam data (TPR and OCR and 
output factor) for all 12 collimators were performed by several 
detectors: diode detector, small sensitive volume ion chamber, 
Gafchromic EBT film. These measured data are compared to a 
set of nationwide average data, which provided by Accuray. 

For the collimators over than 20 mm, the beam data (TPR 
and OCR) from the different detectors showed a good 
agreement within 3%. However, it is easily observed that the 
ion chamber was broadens the measured penumbra width in 
the OCR data. The broadening effect is more enhanced with 
decreasing beam diameter. For the collimators less than 20 
mm, the beam data have discrepancy of 10% or more for each 
detector. Comparing the measured output factors in this study 
and the average of foreign departments provided by Accuary, 
the agreement was less than 0.5% except for 5 mm 
collimators for diode detector and 1.5% for Gafchromic EBT 
film. The discrepancy of output factor for 5 mm collimators 
measured with both Gafchromic EBT film and diode detector 
were 3.5%.  

For the collimators over than 20 mm, the beam data from 
the multi-sites showed a good agreement within 1%. For the 
collimators less than 20 mm, it was found that the effective 
volume and the material of the detector affect the beam data. 

Keywords— CyberKnife, small field, SRS, Diode detector 

I. INTRODUCTION  

The use of stereotactic radiosurgical systems to treat 
intracranial and extracranial tumors and other lesions 
requires a high degree of accuracy in target identification 
and localization. CyberKnife can deliver, with a high degree 
of precision, a single or several fractions of radiation dose 
to a well-defined small intracranial or extracranial target. 

The accuracy of the beam data directly affects the accuracy 
of dose delivery in CyberKnife system. 

Accurate dosimetry of small-field photon beams used in 
stereotactic radiosurgery can be made difficult because of 
the presence of lateral electronic disequilibrium and steep 
dose gradients. In the published literature, data acquisition 
for radiosurgery is mainly based on diode and film 
dosimetry, small sensitive volume ionization chamber and 
thermolominescence dosimetry (TLD).  

The CyberKnife system has generally been performed 
using a p-type silicon diode detector with a very small 
active volume. The diode detector is recommended to 
measure the beam from CyberKnife system recently. In this 
study, various detectors had been used to measure the beam 
data and compared that for each CyberKnife of domestic 
and foreign departments. 

II. MATERIALS AND METHODS 

The CyberKnife system consists of a 6 MV linear 
accelerator mounted on a robotic arm. For the collimation of 
CyberKnife, 12 circular cones are available, collimators of 
different sizes, including 5, 7.5, 10, 12.5, 15, 20, 25, 30, 35, 
40, 50, and 60 mm. 

The TPR and OCR measurements were carried out using 
the detectors positioned in the computer controlled water 
phantom. Measurements of the TPR and OCR for all 12 
collimators were performed by two detectors: diode detector, 
0.125 cc ion chamber. The reference depth used for 
normalization of the TPR data was 1.5 cm for all collimator 
sizes, which is the nominal depth of maximum dose. All 
measurements were made at a SAD of 80 cm.  

The OCR at a particular depth is the ratio of the absorbed 
dose at a given off-axis point relative to the dose at central 
axis. Measurements of OCR were carried out by conducting 
orthogonal scans across the field at a variety of depths. 
OCR measurements were made for depths ranging from 1.5 
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cm to 30 cm and off-axis distance ranging from 0 cm to 6.0 
cm. 

Measurements of the output factors for all 12 collimators 
were performed by three detectors: diode detector, 0.015 cc 
ion chamber, Gafchromic EBT film. The diode detector is a 
p-type silicon diode for the measurement of dose 
distributions of high energy photons in radiation therapy. A 
typical effective thickness of the measuring volume for this 
detector is 2.5 m. The diode detector and ion chamber 
measurement were performed with water phantom. The 
diode detector and ion chamber were set at 1.5 cm depth 
with a SAD 80 cm. In the Gafchromic EBT film 
measurement, the water phantom was replaced with a 
solidwater phantom. The films were irradiated with a dose 
of 200 MU. The exposed films were scanned using an 
Epson Expression 1680 scanner and analyzed using 
VeriSoft software. Each collimator normalized with 
respects to the output factor of the largest collimator (60 
mm) at 80 cm SAD and 1.5 cm depth.  

These measured data were compared to a set of standard 
average data, which provided by Accuray. The standard 
average data are an average of the measurements made by 
CyberKnife sites. 

III. RESULTS  

We obtained the beam data (TPR and OCR) of 12 sizes 
of collimators using the two different detectors (diode 
detector, ion chamber).  

For the collimators over than 20 mm, the beam data 
(TPR and OCR) from the different detectors showed a good 
agreement within 3%.  

However, it is easily observed that the ion chamber was 
broadens the measured penumbra width in the OCR data. 
The broadening effect is more enhanced with decreasing 
beam diameter. For the collimators less than 20 mm, the 
beam data have discrepancy of 10% or more for each 
detector.  

We obtained the output factors of 12 sizes of collimators 
using the three different detectors (diode detector, 0.015 cc 
ion chamber, Gafchromic EBT film). For the collimators 
over than 20 mm, the output factors from the different 
detectors showed a good agreement within 1%. However, 
for the collimators less than 20 mm, the output factors have 
discrepancy of 10% or more for each detector.  

The measured TPR and output factors using diode 
detector were found to be in good agreement with multi-site 
data which provided by Accuray. The greatest discrepancy 
between the measured data and the average data occurred 
for the surface measurement of the TPR. 

Comparing the measured output factors in this study and 
the average of foreign departments provided by Accuary, 
the agreement was less than 0.5% except for 5 mm 
collimators for diode detector and 1.5% for Gafchromic 
EBT film. The discrepancy of output factor for 5 mm 
collimators measured with both Gafchromic EBT film and 
diode detector were 3.5%. 

IV. CONCLUSIONS  

Accurate dosimetry in stereotactic radiation fields is 
difficult because lateral electronic disequilibrium and steep 
dose gradients exist in large portions of these fields. The 
ideal dosimeter needs to have food spatial resolution and 
have linear and reproducible response.  

A small sensitive volume ion chamber was found to 
significantly overestimate the penumbra of small fields, 
with the relative amount of overestimation being more 
severe as the field size decreases.  

The measured TPS and output factors were found to be in 
good agreement with average multi-site data except for 5 
mm collimator.  

For the collimators over than 20 mm, the beam data from 
the multi-sites showed a good agreement within 1%. For 
the collimators less than 20 mm, it was found that the 
effective volume and the material of the detector affect the 
beam data. 
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Abstract—The use of semiconductor diode dosimeters is a 
recommended and practical method of in-vivo dosimetry for 
radiotherapy treatment verification. The dependence of di-
odes’ sensitivity on various factors necessitates the application 
of correction and calibration factors. There is very little pub-
lished data on such factors for low-perturbation (thin-buildup) 
diodes and no data on diode characterization for 9 MV pho-
tons. This study aimed to compare the correction factors for 
SSD, field size, temperature and obliquity of two types of 
Scanditronix/IBA diodes (EDP10 and EDD5, with full and thin 
buildup, respectively) in 9 MV x-rays, and design reliable 
MCNP Monte Carlo models for these diodes. The AAPM pro-
tocol was followed for acceptance testing, calibration and 
measurement of correction factors. The measurements and 
simulations were made with the diodes positioned on the hori-
zontal surface of a polystyrene phantom. Temperature correc-
tion factors of 0.29%/°C for EDP10 and 0.27%/°C for EDD5 
were measured for temperature range 19-38°C. The percent-
age variation of other correction factors were as follows 
(EDP10, EDD5): SSD range 80-120 cm (2.6%, 3.8%); field size 
range 5×5 to 40×40 cm2 (4.2%, 21.4%); axial-angle obliquity 
range -80º to 80º (4.0%, 17.6%); tilt-angle obliquity from 0º to 
80º (center to head of diode) (2.0%, 19.0%); tilt-angle obliquity 
from 0º to -80º (center to tail of diode) (4.4%, 31.0%). Almost 
all of the simulation results were within 4% of the measure-
ments. Although the low-perturbation EDD5 diode can be used 
for accurate in-vivo dosimetry, its CFs are much larger than 
the EDP10 and, therefore, should be applied carefully. The 
results indicate against the use of the EDD5 in axial angles 
beyond ±50º and exceeding the range 0º to +50º tilt angle. 
Having obtained reasonably good agreement between simula-
tions and measurements, the model may be used to perform 
further studies, especially where measurements are difficult, 
inaccurate or impossible.    

Keywords—in-vivo dosimetry, diode correction factors, low- 
perturbation diodes, Monte Carlo simulation. 

I. INTRODUCTION 

Accuracy of radiotherapy can be verified by in-vivo do-
simetry [1]. Advantages of using semiconductor diodes for 
in-vivo dosimetry include online reading, high sensitivity, 
excellent reproducibility, good mechanical stability, small 
size and low cost [2-4].  

Diode sensitivity depends on energy, temperature, dose 
rate, field size, shape and direction [5-9], therefore, various 
correction factors (CFs) and calibration factors must be 
measured prior to using a diode for patient dosimetry. In-
vivo dosimetry is normally performed on only one or a few 
sessions for each patient using full buildup diodes [10]; 
however, in-vivo dosimetry on every fraction may also be 
desirable [11]. Given the up to 13% dose perturbation by 
full-buildup diodes [12], in-vivo dosimetry on many treat-
ment fractions can cause target underdosage. In such cir-
cumstances, using low-perturbation diodes with thin buil-
dup may be helpful. However, additional CFs that will be 
larger than usual may be necessary for such diodes [10]. 

Several investigators have characterized commercial di-
odes experimentally and measured their CFs at various 
energies [5-8, 11], but that is not the case for low-
perturbation diodes with thin buildup. Also, to our knowl-
edge, there is no published data on diode characterization 
for 9 MV photons. 

The aims of the present study are: (i) comparison of vari-
ous CFs for two commercial high- and low-perturbation 
diodes in 9 MV x-rays and (ii) design and testing of a reli-
able MCNP Monte Carlo (MC) model for each diode, which 
will be useful for circumstances in which experimental 
measurements are difficult, inaccurate or even impossible. 
To date, only one study has been published on MCNP simu-
lation of diodes in photon beams [7]. Only energy depend-
ence was investigated in that study. 

II. MATERIALS AND METHODS 

Two types of Scanditronix/IBA p-type diodes were stud-
ied: a hemispherical shape EDP10 with full (10 mm water 
equivalent) buildup and a cylindrical shape EDD5 with thin 
(4.5 mm water equivalent) buildup. The electrometer used 
was a three-channel Scanditronix DPD3 (IBA Dosimetry, 
Germany). The measurements were made using a 30×30×10 
cm3 polystyrene phantom in the 9 MV beam of a Neptun 
10pc (Zdaj, Poland) linear accelerator.  

The American Association of Physicists in Medicine 
(AAPM) protocol was followed for acceptance testing, 
calibration and measurement of CFs [2]. Based on this  
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protocol, the CF for a change of variable x from calibration 
conditions is defined by [2]: 

CFx = [Dw(x) / Dw(cal)] / [ R(x) / R(cal)]              (1) 

where, Dw(cal) and Dw(x) are the doses to water at dmax  
under  reference conditions (source to surface distance, SSD 
= 100 cm and field size = 10×10 cm2) and condition x, re-
spectively, and R(cal) and R(x) are the diode readings under 
those conditions. 

To measure SSD and field size CFs, an ionization chamber 
was placed at dmax and the diodes on top of and around the 
center of the phantom. For temperature and obliquity factors, 
the chamber was not required [2]. To measure temperature 
CFs, a larger water phantom was used. The diodes were placed 
on a thin polystyrene sheet and fixed on the water surface to 
facilitate heat equilibrium between water and the diodes. The 
surface temperature was monitored using a calibrated digital 
thermometer with a flat surface affixed on the polystyrene 
sheet. The water temperature was adjusted by means of heaters 
and a homogenizer within the range of 19-38°C. 

MC simulation was performed using the MCNP code ver-
sion 4C [13] and the information on the geometry and materi-
als of each diode as supplied by their manufacturer. Our 
previously simulated and tested model of the linear accelera-
tor was used [14]. About 2 billion particles were transported 
with a cut off energy of 10 keV for photons and 521 keV for 
electrons. The phantom and diode arrangements were simu-
lated exactly as the experimental setup. The dose absorbed in 
the silicon die of each diode was computed.  

III. RESULTS 

The CF measurements and the MC simulations will be 
presented separately as the former also includes ionization 
chamber measurements and the later does not. 

The SSD, field size, temperature and axial and tilt obliq-
uity CFs are plotted in Figs. 1 to 5. 
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Fig. 1 SSD correction factors 
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Fig. 2 Field size correction factors 
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Fig. 3 Temperature correction factors and linear fits to the data points 
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Fig. 4 Axial-angle obliquity correction factors 

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

-90 -70 -50 -30 -10 10 30 50 70 90

Tilt Angle (degrees)

Ti
lt 

An
gl

e C
or

re
ct

io
n 

Fa
ct

or

EDD5

EDP10

 
Fig. 5 Tilt-angle obliquity correction factors 
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The simulation results for diode response dependence on 
SSD, field size and obliquity are plotted in Figs. 6 to 9. Due 
to limited computer resources, the uncertainty of simula-
tions is up to 5%, while the experimental measurements 
have an approximately 1% uncertainty. 
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Fig. 6 MC calculation of diode response at different SSDs 
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Fig. 7 MC calculation of diode response for different field sizes 
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Fig. 8 MC calculation of diode response at different axial angles 
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Fig. 9 MC calculation of diode response at different tilt angles 

IV. DISCUSSION 

There is no published data on characterization of these 
diodes for 9 MV x-rays but there are some published results 
for 6, 10 and 18 MV x-rays (summarized in Table 1).  

The variation of SSD CFs was from 0.982 to 1.008 
(2.6%) for EDP10 and from 0.976 to 1.014 (3.8%) for 
EDD5 with SSD variation from 80 to 120 cm. SSD depend-
ence is due to the variation of dose rate, electronic contami-
nation and the thickness of diode’s buildup [2]. A higher 
response happens at higher dose rates and higher electronic 
contamination of shorter SSDs. Further, thicker buildup can 
eliminate electronic contamination and consequently de-
crease the diode response. Accordingly, EDD5 with a thin 
buildup has a higher SSD dependence compared to EDP10 
with a thick buildup cap. The simulation results for SSD 
dependence was in good agreement with measurements, 
with a maximum differences of 2.9% and 3.5% for EDP10 
and EDD5, respectively. 

Table 1 EDP10 and EDD5 characterization results of this work (9 MV) and 
previously published data for 6, 10 and 18 MV x-rays (SSD = 80 to 120 
cm, field size = 5×5 to 40×40 cm2, angle = -80º to 80º) 

Diode 
type 

SSD CF 
variation 

Field size 
CF 

variation 

Angular CF 
variation 

Temp 
CF /οC 

EDP10 

6MV: 
1% [8] 

18MV: 
2%[8] 

9MV:  
2.6% 

6MV: 
1.5%[9] 

9MV:  
4.2% 

 

6MV: Axial: 
2.5%[9], Tilt: 

3%[9] 

9MV: Axial: 4% 
Tilt: 4.4% 

6MV: 
0.38%[5] 

0.26- 
0.34%[9] 

  9MV:      
0.29% 

EDD5 

6MV: 
6%[10] 

   10MV: 
11%[10] 

9MV:      
3.8% 

6MV: 
20%[10] 

10MV: 
36%[10] 

9MV: 
21.4% 

6MV: 17.5%[10] 

10MV: 23%[10] 

9MV:  Axial:  
17.6% 

Tilt: 30.7% 

9MV: 
0.27% 



734 M.A. Mosleh-Shirazi et al.

 

  
 IFMBE Proceedings Vol. 25  

 

The field size CF varied from 1.020 to 0.978 (4.2%) for 
EDP10 and from 1.057 to 0.843 (21.4%) for EDD5 for field 
size range 5×5 to 40×40 cm2. The field size dependence of 
diode response is due to different electronic contamination 
received by a diode on the surface and ionization chamber 
at the depth of dmax [2]. Insufficient buildup is an additional 
factor for EDD5 resulting in a large variation in response 
with field size.  The simulation and measurement results for 
field size dependence had maximum differences of 1.6% 
and 3.2% for EDP10 and EDD5, respectively. 

Very similar temperature coefficients of 0.29%/°C for 
EDP10 and 0.27%/°C for EDD5 were measured for tem-
perature variation between 19 and 38°C. In the AAPM 
protocol, the resulting plot is a descending one 
(CFtemp=R(Tcal)/R(T)), although the sensitivity of the diodes 
increase with increasing temperature. This temperature 
dependence is caused by carrier mobility of silicon die and 
their lifetimes [2]. 

For the range of axial angles measured (-80º to 80º), the 
variation of obliquity CF was up to 4% for EDP10 and up to 
17.6% for EDD5; the latter variation being only 4.7% 
within the ±50º angular range. The variation of tilt-angle 
obliquity CF from 0º to 80º (center to head of diode) was 
2% for EDP10 and 19% for EDD5. This variation for 0º to -
80º (center to tail of diode) was 4.4% for EDP10 and 30.7% 
for EDD5, the latter variation being only 3% for EDD5 
within the 0º to +50º range. The maximum difference be-
tween the simulation and measurement results for axial 
angle dependence was 2.3% for EDP10 at all angles and 
3.3% for EDD5 up to angles ±70º. The maximum difference 
for tilt angle was 2% for EDP10 at all angles and 4.9% for 
EDD5 up to angles ±70º. The obliquity dependence of diode 
response is due to backscatter from phantom, patient or 
diode tail and the thickness of the buildup [2]. Therefore, 
phantom backscattering had more effect on the EDD5 with 
a thin buildup as the gantry angle increased. It must be 
noted, however, that differences in attenuation and scatter 
occur as the gantry rotates which combines with the diodes' 
own anisotropic response to produce the measured obliquity 
factors.  

V. CONCLUSIONS 

Although the low-perturbation EDD5 diode can be used 
for accurate in-vivo dosimetry, its CFs are much larger than 
those of the EDP10 and, therefore, should be applied with 
care. Our results indicate against the use of the EDD5 in 
axial angles beyond ±50º or exceeding the range 0º to +50º 
tilt angle, under our measurement conditions. Having ob-
tained reasonably good agreement between the simulations 

and the measurements, our model can be used to perform 
further studies, especially where measurements are difficult, 
inaccurate or impossible. 
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Development of an Optimized Pencil Beam Algorithm for Radiation Therapy 
Martin Siggel, Simeon Nill, and Uwe Oelfke 

Department of Medical Physics in Radiation Therapy, German Cancer Research Center (DKFZ), Heidelberg, Germany 

Abstract—In radiation therapy in clinical practice short cal-
culation times are naturally desired when calculating the three 
dimensional dose distribution of high-energetic photon beams. 
For this purpose we developed a new highly efficient version of 
a pencil beam convolution algorithm originally devised in ref. 
[1]. Since most of the actual desktop computers provide more 
than one calculation core we used multithreading extensively 
to parallelize the workload and thus speedup the algorithmic 
runtime.  On an eight-core Intel Xeon machine the dose distri-
bution of a typical IMRT treatment plan can be calculated in 
about 10 s. We achieved a high accuracy with an error toler-
ance of less than two percent against measurements in homo-
geneous media aside from the dose build-up region.  The abil-
ity of calculating the dose distribution of unflattened photon 
beams makes this algorithm also a candidate for stereotactic 
radiosurgery. Therefore we also implemented this algorithm 
into an inverse planning system and compared the results of 
both irradiation types for a large-tumor case. 

Keywords—dose calculation, pencil beam, unflattened beam, 
speed optimization, multithreading. 

I. INTRODUCTION  

Conventional radiotherapy planning is a trial-and-error 
approach to achieve a satisfying patient treatment. A tumor 
has to be treated with high radiation doses while organs at 
risk have to be spared simultaneously. Thus the workflow of 
the physicians is made up of several manual planning cor-
rections with adjacent calculations of the dose distribution 
caused by the irradiation device. Hence, short calculation 
times are desired, allowing a better interactivity between the 
therapist and the planning software. One of our main fo-
cuses was to develop a highly efficient and fast algorithm 
for that purpose. The main idea is based on the differential 
pencil-kernel approach proposed by Bortfeld et al [1] be-
cause of its flexibility and its speed by design. This method 
has an excellent accuracy especially for irregular field 
shapes and patterns used in intensity-modulated radio-
therapy (IMRT).  The basic idea behind the algorithm is a 
two dimensional convolution of the primary photon fluence 
with a pencil-kernel first introduced by Ahnesjö [2] and 
Mackie [3]. Often those pencil convolution kernels are 
derived from Monte Carlo simulations [2, 4] but Bortfeld’s 
ansatz merely needs measurements of the tissue-phantom 
ratio [5], the output factor and the unshaped primary photon 
fluence which makes the integration into a clinical  

environment very easy. A further improvement of the pri-
mary fluence model, where the pencil-kernel is calculated 
out of its measured data by deconvolution, makes it possible 
to simulate very large irradiation fields especially for unflat-
tened beams. These are common in stereotactic radiosurgery 
which allows an irradiation at very high-dose rates to 
shorten treatment times.  

II. METHODS 

A. Basic Concepts 

The dose distribution in pencil-kernel algorithms is cal-
culated by a 2-dimensional convolution of the pencil-kernel 
K(x,y) with the shaped photon fluence 

''),','()','()','(),,( ∫∫ −−= dydxdyyxxKyxFyxPdyxD  (1) 

where P is the unmodified primary fluence and F is a func-
tion describing the irradiation field shape. The kernel K 
characterizes the photon scattering in the medium and at the 
collimator. To provide a basic inhomogeneity correction, 
the radiological depth has to be inserted into equation (1) 
instead of the geometrical depth. To compute the kernel 
from pure measurements, the basic idea is to measure dose 
values Dr(d) on the beam axis for different circular fields 
with radius r. This provides information about the contribu-
tion of every fraction of the whole irradiation field to the 
central axis dose. As shown in [1] the kernel has following 
form: 

r
dD

rP
drK r

Norm ∂
∂= )(

)(
1),(

                       
(2) 

Here, the circular symmetric kernel is given by the deriva-
tive of the central axis dose, which itself is a product of the 
output factor OF(r) and the tissue-phantom ratio TPR(r,d), 
with respect to the field size r.  

B. Primary Fluence Correction 

When measuring the primary photon fluence Pmeas one 
has to keep in mind that the measured data do already in-
clude phantom scattering. From the mathematical point of 
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view this means that we are measuring the (normalized) 
convolution of the unshaped primary fluence with the pen-
cil-kernel: 

)0,0(
),(),(

KP
yxKPyxPmeas ∗

∗=
                           

(3) 

Here, ‘*’ denotes the two-dimensional convolution operator. 
The true primary fluence can now be calculated by decon-
volution. One method would be to divide the Fourier com-
ponents of Pmeas with those of K with a following inverse 
Fourier-transform, but normally this is a numerical instable 
process because of a potential division by zero. Instead, we 
use an iterative approach as done in [6]: 
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n
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(4) 

This iteration stops if the standard deviation between the 
convoluted fluence and the measured fluence drops below a 
user-defined threshold or the number of iterations reached a 
maximum. Normally the iteration converges very fast and 
stops after 3-5 iterations with a standard deviation threshold 
of 0.001. 

To simulate the penumbra region of the beam, we also 
use a convolution method. Therefore we simply use a two-
dimensional Gaussian function with a variance of around 
2.1 mm for our Siemens Artiste device as a convolution 
kernel. With the field shape function F(x,y) we obtain the 
following relation for the shaped fluence: 

''
2

1)','()','(),( 2

22

2
)'()'(

2 dydxeyxFyxPyxP
yyxx

pen
σ

πσ

−+−−

∫∫ ⋅= (5) 

This result has to be inserted into equation (1) and replaces 
the product P(x,y)F(x,y). Of course the exact value for the 
sigma has to be adjusted to fit best to measured dose pro-
files. 

C. Runtime Optimizations 

Since the kernel value K(r,d) depends on both distance 
and depth, the convolution integral (1) has to be evaluated 
for any depth. Obviously this is not very efficient. We solve 
this problem by splitting the kernel into depth-dependent 
and distance (field-size)-dependent parts as done in [1]: 
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(6) 

Here D1…D3 are double exponential functions simulating 
direct dose contribution, dose from small field scattering 
and dose from large field scattering. A fourth component 
with a form of an exponential decaying function is needed 
to better model the dose build-up region in the first 20 mm 
depth. The distance depending functions wi are calculated 
by a least-square-fit to the measured beam axis dose data 
Dr(d). With the modifications from (5) and (6), the equation 
for the dose becomes: 

[ ]),()(),,(
4

1
yxWPdDdyxD ipen

i
i ∗⋅=∑

=                
(7) 

Now only four convolutions are necessary which will sig-
nificantly speed up the program. The convolutions are done 
by using the convolution theorem [7]. Our implementation 
uses the open source library FFTW3 [8] for the Fourier 
transforms. 

An additional speedup is achieved by parallelizing the 
Fourier transforms and the dose calculation loop over all 
voxels amongst multiple threads. A thread is a lightweight 
process-like concept which is under control of the operating 
system [9]. Having more than one CPU-core in a computer, 
threads are an easy and powerful tool to boost the programs 
performance. The advantage of threads over processes is 
that multiple threads of a single process have access to the 
same local data. Thus, parallelization with threads is highly 
efficient because a complex data exchange is not necessary. 

D. Integration into an Inverse Planning System 

In addition to our forward planning method we imple-
mented the same dose calculation model into the inverse 
planning system KonRad [10, 11] which allows a  
direct beam fluence optimization. Particularly for the unflat-
tened beam this is a required aid for the treatment planning 
process. 

III. RESULTS 

A. Dose Calculation Validation 

To prove the correctness of our dose algorithm we com-
pared calculated dose values with measured data from our 
linear accelerator Siemens Artiste.  

We measured dose profiles and depth-dose curves in a 
water phantom with a source-surface distance of 95 cm. 
Fig. 1 shows dose profiles of a flattened beam (using a flat-
tening filter) for several quadratic fields taken in a reference 
depth of 5 cm. In the high-dose regions the differences 
between calculated and measured dose are less than 2%. 
Only in the low-dose penumbra region for large field sizes  
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Fig. 1 Calculated dose values (lines) and measured dose values (crosses) 
for the flattened Siemens Artiste 6MV beam 

somewhat increased errors appear. Additionally, the calcu-
lated dose for the 1x1 cm² irradiation field is around 2% too 
low as it can be seen in the depth-dose data. The size of the 
errors bars in that plot is 2% of the according dose value. 
For the 1x1 cm² field as well as for the 40x40 cm² field the 
dose maximum of the calculated data is located about 5 mm 
too deep in the phantom. This leads to a significant dose 
underestimation in the build-up region up to 11.1% in 7.5 
mm depth for the 40x40 cm² irradiation field.  

The calculated dose profiles for the unflattened beam 
agree very well within the error tolerance of 2% with the 
measured data (see Fig. 2). But the depth-dose data reveal 
similar problems as for the flattened beam. The dose maxi-
mum is also shifted towards larger depths so that there are 
relatively high errors up to 9.7% underestimation. 

 

 
Fig. 2 Calculated dose values (lines) and measured dose values (crosses) 
for the unflattened Siemens Artiste 6MV beam 

B. Runtimes 

We measured the runtimes for a typical IMRT prostate 
treatment plan with seven distinctive beam directions on a 
four-processor machine with two cores per processor. This 
results in a capacity of eight separate calculation cores. The 
runtimes as can be seen in Table 1 are given for each beam 
direction, as well as the sum of all beam runtimes and the 
total runtime, including the overhead caused by reading in 
the CT data, the treatment plan, setting up the convolution 
matrices and storing  the resulting dose cube.  

If we are looking particularly at the sum of every beam’s 
runtime, it is obvious that these times drop dramatically 
with the number of calculation threads used. When exceed-
ing the number of available cores, the calculation does not 
speed up any further. This was expected because all CPUs 
are utilized entirely.  
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As long as only one thread is used, the total runtime is 
dominated by the dose calculation loop. When we are using 
four threads or more, the mean overhead of 5.43 s becomes 
larger than the time for the beam calculation. 

C. KonRad Integration 

We optimized a treatment plan of a large head and neck 
tumor with the flattened as well with the unflattened beam 
using nine beam directions. The number of required beam 
segments is comparable for both cases. Around 57300 
monitor units (MUs) are required for the irradiation with the 
flattened beam. For the unflattened beam around 67600 
MUs are needed. This increase of about 17% is what we 
expected because the lower dose at the outer primary pho-
ton fluence has to be compensated.  

IV. CONCLUSIONS  

The results show that our pencil-kernel model reproduces 
the measurements of flattened and unflattened beams within 
a dose tolerance of 2%. However, in the dose build-up re-
gion of large fields differences up to 11% occur since the 
dose maximum is shifted towards larger depths. We provide 
a basic heterogeneity correction but for patient geometries 
with low densities as it can be found in the lung or in the 
nose region, larger errors should be expected [12]. The 
algorithmic runtime scales with the number of the used  
calculation threads and takes only 7.7 s on our 8-core Intel 
Xeon machine for an IMRT prostate plan.  

When comparing the dose optimization of a flattened 
with an unflattened beam, it seems that the required monitor 
units for the unflattened beam are only somewhat higher 
(~20%). Because the dose rate of this beam is more than 
three times higher than that of the flattened beam, the treat-
ment time can be reduced to approx. one third. For more 
general conclusions more calculations and comparisons 
have to be done. 
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Table 1 Runtimes for a 7-beam plan, values given in seconds 

 Number of Threads 
Beam No. 1 2 4 8 16 

1 1.93 1.02 0.57 0.43 0.42
2 2.27 1.18 0.63 0.37 0.37
3 1.56 0.81 0.43 0.25 0.24
4 2.29 1.18 0.63 0.37 0.36
5 2.56 1.31 0.7 0.39 0.4
6 1.54 0.8 0.42 0.24 0.24
7 2.6 1.36 0.73 0.42 0.44

Sum 14.75 7.66 4.11 2.47 2.47
Overhead 5.59 5.45 5.39 5.42 5.3
Total 20.34 13.11 9.5 7.89 7.77
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How Much Target Average Positions in Thorax Region Change Daily?  
Lu Wang, Steve Feigenberg, James Fan, Lihui Jin, Lili Chen, and Charlie Ma 

 
Purpose: Targets in the thorax regions are subject to 

respiratory motion and the average position maybe changed 
daily. This study aims to assess the degree of target average 
position change in respect to the bony structure using cone-
beam computed tomography (CBCT). The work further 
validates the planning target volume (PTV) margin used in 
the stereotactic body radiotherapy (SBRT) of lung cancers.   

 
Methods and Materials:  All patients underwent 4D CT 

scanning in preparation for lung SBRT.  The internal target 
volume (ITV) is outlined from the reconstructed 4D data 
using the maximum-intensity projection (MIP) algorithm.  
The clinical target volume (CTV) is defined as the ITV plus 
3 mm margin and an additional 3 mm margin is added to the 
CTV to make the PTV. Conformal treatment planning is 
performed on the helical images, to which the MIP images 
were fused.  Prior to each treatment, CBCT is used to align 
with the simulation CT (helical) based on bony anatomy.  
The necessary shifts are recorded.  The treating physician 
then checks and modifies the alignment based on target 
relocalization within the PTV (soft tissue alignment).  The 

final shifts are derived based on the soft tissue alignment.  
Two sets of shifts are compared here for the purpose of the 
study. 

 
Results:  Our preliminary study for 21 consecutive 

patients, treating 22 targets for a total of 88 fractions shows 
that after the setup error correction, over 60% of the 
treatment did not need the shifts in order to ensure the target 
within the PTV.   For those that shifts were needed, the 
average shifts were only 0.28±0.16 cm in anterior-posterior, 
0.07±0.29 cm in lateral, and 0.11±0.19 cm in superior-
inferior directions, respectively.   

 
Conclusions:  The target relocation accuracy is generally 

satisfactory after patient setup error correction.  This 
implies that the average tumor position is practically 
unchanged relative to the bony structures.  It also further 
demonstrates that the PTV margin designed based on the 
ITV outlined on MIP images is appropriate to account for 
intra and inter-fractional tumor motions. 

 



Accuracy evaluation of using MV EPID and / or integrated kV imaging system to 
locate 3D positions of internal fiducial markers using a Calypso system 

Weihua Mao1, Ryan Foster1, and Timothy Solberg1, 
1 UT Southwestern Medical Center / Department of Radiation Oncology, Dallas, Texas, USA 

Abstract—Introduction: In order to use MV EPID and/or in-
tegrated kV imaging system to obtained 3D positions of im-
planted fiducial markers for the purpose of patient setup and / 
or image-guided radiation therapy in real-time, it is essential 
to investigate the accuracy of this method. 

Materials and Methods: A Calypso QA phantom with three 
Beacons was imaged by both MV and kV beams at a series of 
gantry angles on a Trilogy (Varian Medical Systems, Palo Alto, 
California, USA) while Beacon positions were simultaneously 
tracked using a Calypso 4D localization system (Calypso 
Medical Technologies, Inc., Seattle, WA, USA).  Beacons were 
automatically detected on kV and MV projection images using 
in-house software, their 3D positions were calculated from 
MV-MV, kV-kV, or MV-kV pairs with a 60o or larger gantry 
angle separation between each pair, and compared with Ca-
lypso results.  A special QA procedure was developed to assess 
geometric accuracy of MV and kV imaging systems on the 
Trilogy, and geometric parameter deviations, particularly 
detector center offsets, were applied to correct the 3D position 
calculations.  

Results:  A phantom was placed at known positions based on 
the detected Calypso Beacon centroids.  Both MV and kV 
images were acquired at 12 gantry angles with an increment of 
30º.  2D and 3D positions were calculated.  The different calcu-
lation modalities resulted in noticeable discrepancies from the 
Calypso 3D positions.  The application of a geometric correc-
tion is capable of reducing these deviations, with the measured 
net shifts matching calypso results within 0.1 mm.  

Conclusion: Geometric correction after QA of imaging ge-
ometry helps improve detection accuracy.  Implanted fiducial 
markers can be detected by multiple projections of either MV 
or kV x-ray beams with an accuracy of approximately 1 mm.  

 
Keywords— Fiducial marker, IGRT, kV imaging, MV imaging, 
geometric QA. 

I. INTRODUCTION  

With application of modern conformal radiation therapy 
techniques, such as 3D conformal radiation therapy 
(3DCRT) and intensity-modulated radiation therapy 
(IMRT), it has become increasingly important to reduce 
uncertainties due to patient setup errors, and inter- and intra- 
fraction motion.  The need to improve targeting in radiation 
treatment has recently spurred a flood of research activities 
in image-guided radiation therapy (IGRT) [1].  In particular, 

the use of Electronic Portal Imaging Device (EPID) and / or 
on-board kilovoltage (kV) imaging systems, with and with-
out implanted fiducial seeds, is effective in both tumor lo-
calization and setup patient.  A standard of care for prostate 
patients at many institutions relies on seed-based isocenter 
localization from two orthogonal MV portal images.  The 
use of MV EPID and/or integrated kV imaging system to 
obtain 3D positions of implanted fidcuial markers for both 
patient setup and real-time IGRT has also been proposed [2, 
3].  In order to achieve the desired high accuracy for precise 
beam delivery, it is essential to investigate the accuracy of 
this method.  

II. METHODS 

A. Experimental setup and procedures 

A Calypso QA phantom with three beacons was used for 
the experiment (Fig. 1).  The Beacon positions were tracked 
by a Calypso 4D localization system (Calypso, Calypso® 
Medical Technologies, Inc., Seattle, WA, USA) and used as the 
reference for radiographic localization [4].  Calypso pro-
vides the centroid of three transponders (Beacons), which is 
the simple average of three Beacon’s 3D positions.  

All experiments were performed on a Trilogy (Varian 
Medical Systems, Palo Alto, California, USA), equipped 
with an EPID and an on-board kV imaging system oriented 
orthogonally to each other (Fig. 1).  The source-axis dis-
tance (SAD) and source-detector distance (SDD) are 100 
cm and 150 cm for both MV and kV imaging system while 
the detector pixels are 0.784 mm and 0.388 mm for MV and 
kV detectors, respectively.  

Both MV and kV images were acquired at 12 gantry an-
gles with an increment of 30º.   The beacons were automati-
cally detected on kV and MV projection images using in-
house software based on previously reported pattern match-
ing algorithm [2, 3], and the 2D projection locations of 
centroid position were calculated by averaging 2D locations 
of all three Beacons.  In order to simplify the evaluation and 
be consistent with the Calypso localization, the centroid 
position of three beacons was used and is discussed in the 
rest of this report.   
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3D centroid positions were calculated based on MV-MV 
pairs, kV-kV pairs, or MV-kV pairs with differences in 
gantry angle between each pair of 60º or larger.  These 3D 
positions were compared with the Calypso results.   

 
Fig. 1.  The experimental setup for the evaluation. 

Prior to initiating measurements, a geometric QA proce-
dure was performed on the Trilogy [5].  The geometric 
uncertainty was evaluated by applying the deviations of 
relevant geometric parameters, such as gantry angle and 
imager center offset, to correct the 2D locations and 3D 
position calculations. 

 
B. Coordinate systems and 3D calculations 

Two coordinate systems are defined as shown in Fig. 2.  
One 3D Cartesian system describes the room coordinates.  It 
is attached to the phantom and aligned in space.  Z is along 
the gantry rotation axis, x is horizontal, and y is vertical.  
The origin is defined by the intersection of the room lasers.  
A 2D Cartesian coordinate system (u, v), which rotates with 
the gantry, is defined for each detector.  The origin is de-
fined at the center of the detector.  The u–axis is always in 
the gantry rotation plane while the v-axis is perpendicular to 
the gantry rotation plane.  

Since there are two imaging systems and projections at 
different gantry angles, it is convenient to define one source 

position at a gantry angle of 1  with an SAD of R1.  The 
related detector has an SDD of F1.  The projection of one 
marker (x, y, z) is described by (u1, v1) on detector 1.  Simi-

larly, the second source has a gantry angle of  with an 
SAD and an SDD of R

2

2 and F2, respectively.  The projection 
of the same marker is described by (u2, v2) on detector 2. 

 

Fig. 2. Schematic drawing of the coordinate systems. 

Ideally, the projection on both detectors is described by: 
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Any marker’s 3D position (x, y, z) is given by the solu-

tion of equations (5) and (6): 
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III. RESULTS AND DISCUSSIONS 

The phantom was placed at two positions (original and 
shifted positions).  The Calypso system reported the cen-
troid position of the original and shifted positions were (-
1.0, -0.5, 0.5) mm and (-21.0, -20.5, 20.5) mm, respectively.  
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Fig. 3. The projection locations on kV and MV imagers. 
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Fig. 4.  Reconstructed Beacon 3D positions based on a MV projection at 

30 degrees and other MV or kV projection at different gantry angles. 

The resulting MV and kV projection locations are illus-
trated in Fig. 3.  In an ideal scenario, they should overlap 
each other, since the SADs and SDDs are exactly identical 
for the MV and kV imaging systems on this Trilogy.  How-
ever, the maximum difference between the MV and kV 2D 
locations is 2 mm. This discrepancy leads to spatial inaccu-
racies when the 3D positions were calculated from com-
bined kV and MV projections.   As shown in Fig. 4, even 
the 3D position calculated from the same modality at differ-

ent gantry angles may be different.  Additional 3D results 
are compared and summarized in Table 1.  Noticeable dis-
crepancies of 3D positions due to calculation modalities 
were observed for y and z positions.  Due to the fact that the 
origin points between Calypso system and the x-ray imag-
ing system are slightly different, the absolute 3D positions 
are slightly different from Calypso results, but the net shifts 
match Calypso results very well within 0.1 mm.   

More consistent results would be obtained if the gantry 
angle differences between any two projections are restricted 
to large gantry angle differences, such as 90º apart.  How-
ever, since it has been proposed to determine 3D positions 
from projections at treatment fields, gantry angle difference 
of 60º more closely reflects reality.   

Another source of uncertainty lies in the uncertainties of 
the imaging geometry.  For example, the detector center 
offsets can contribute to the inaccuracy.  A geometric QA 
tool has been applied to quantitatively evaluate the geomet-
ric uncertainties.  It calculates gantry angle deviation, devia-
tions of SAD and SDD, detector center offsets and detector 
orientations.  The most sensitive factors affecting imaging 
accuracy are the detector center offsets.  Figure 3 implies 
the existence of a displacement between the Beacon loca-
tions on kV and MV images.  Following geometric QA of 
the Trilogy imaging systems, gantry angle dependent 
imager offsets were obtained and applied to the Beacon 
results (as shown in Fig. 5).  The Beacon locations in Fig. 3 
were corrected by the offsets and plotted in Fig. 6, showing 
significantly improved coincidence between kV and MV 
imaging.  The maximum difference between MV and kV 
2D locations is reduced to 0.6 mm.  3D positions were cal-
culated again by using corrected 2D locations and are listed 
in Table 1.  The maximum deviation (dev) from the average 
position is reduced from 2.2 mm to 1.8 mm while the aver-
age deviation is approximately 1 mm.  

3D positional accuracy relies on 2D location accuracy, 
which depends primarily on the finite pixel size of detec-
tors, as well as the existence of geometric and other uncer-
tainties.  It is to estimate the basic precision (random uncer-
tainty) of 2D detection from the pixel size.  The correction 
of geometric uncertainties would reduce systematic errors 
but the correction itself leads to additional uncertainties of 
at least one pixel on the corrected 2D locations, so 2D de-
tection random errors are approximately twice the pixel 
size.  This explains why the random error or uncertainty of 
3D calculation is approximately 1 mm.  This random error 
can be reduced by averaging of multiple measurements; as 
shown in Table 1, the averaged 3D positions match Calypso 
results very well.  
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Table 1. Summary of calculated 3D positions (x, y, z) based on MV or kV 
images only or combined MV and kV images for the two phantom 

positions.  Dev is the distance of every point to the averaged position.  
(unit: mm) 
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Caly. -1.0 -0.5 0.5 - -

MV -1.1 -0.3 0.8 0.6 0.9

kV -1.2 0.2 -0.1 0.4 0.7
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Fig. 6. The projection locations on kV and MV imagers after geometric 
correction. 

IV. CONCLUSIONS  

Geometric correction following appropriate QA of imag-
ing system geometry helps improving detection accuracy. 
Implanted fiducial markers can be detected by multiple 
projections of either MV or kV x-ray beams with an accu-
racy of about 1 mm.   
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Abstract— Boron Neutron Capture Therapy (BNCT) is an 
experimental radiotherapy technique exploiting the reaction 
10B(n,α)7Li to deliver a dose to the tumor sparing 
the healthy tissues: dedicated molecules are used to introduce 
the boron selectively in the tumor cells, which are irradiated 
with a thermal-epithermal neutron beam. There are two main 
limitations preventing BNCT from becoming a large-scale 
therapy: the availability of the neutron sources (that for their 
intensity and energy spectrum are strictly limited to nuclear 
reactors) and the specificity of the drugs used as boron carri-
ers (i.e. their ability to concentrate only in the cancer cells and 
not in the bloodstream or in the healthy tissues). 

In the framework of the INFN PhoNeS (Photo-Neutron 
Source) project, aimed at producing a neutron source for a 
hospital environment,  a new imaging system for the analysis 
of boronated samples was developed: 10B imaging and quanti-
tation is in fact a basic tool for the research on new boron 
carriers and for a better understanding of the existing ones. 
The imaging measurements are performed via neutron auto-
radiography, detecting the α particles produced in the ther-
mal-neutron irradiation of the boron samples with a micro-
strip silicon detector, obtaining a 1-dimensional 10B 
distribution. Unlike the standard autoradiography techniques, 
this is a real-time method  (able to provide results in times 
ranging from a few minutes to a hour, depending on the boron 
concentration) in a hospital environment (the neutrons are 
photo-produced by the 18 MV photons of a standard radiothe-
rapy linac). The system was characterized and tested with 
several kinds of inorganic as well as biological samples (such as 
urine and blood) in order to obtain kinetic curves, that is the 
concentration of 10B as a function of time from the carrier 
uptake; thanks to a calibration with 10BSH, also quantitative 
analyses are possible. 

Keywords— BNCT, imaging, neutron autoradiography, boron 

I. INTRODUCTION  

Boron Neutron Capture Therapy (BNCT) is a radiothera-
py technique based on the capture of a thermal neutron by 
the stable isotope 10B [1]. In a first phase boron is intro-
duced selectively in the tumor cells by dedicated molecules, 
then irradiated with a thermal-epithermal (0.5-10 keV) neu-
tron beam to induce the reaction 10

B(n,α)
7Li. The short 

range in the tissues, assured by the high LET of the heavy 
charged particles produced in the nuclear reaction, allows 
the deposit of the whole dose inside the cell where the bo-
ron was present at the moment of the irradiation, with a 
limited damage to the surrounding tissues. 

This technique, first proposed in 1936 by the biophysicist 
G.L. Locher [2], was not used in clinical trials before the 
late 1950s, when high-mortality brain tumors (such as 
Glioblastoma Multiforme) were irradiated with thermal 
neutrons at the Brookhaven National Laboratories (BNL) 
and at the Massachusetts Institute of Technology (MIT) 
after the administration of a compound of borax, with poor 
results mainly due to the low penetration of the neutron 
beams (overcome in the following trials in Japan, using an 
epithermal beam instead of a thermal one [3]) and the low 
selectivity of the boron compounds.  

Despite the active research and the  synthesis of the two 
compounds still used in the BNCT clinical trials, Boron-
Phenyl-Alanine (BPA) and Sulphydryl-Borane (BSH) [4], 
the drug specificity (i.e. the ability to target and persist 
inside the tumor cells and the fast clearance from the blood-
stream and the healthy tissues) remains an open issue. Bo-
ron imaging is an important tool to study the bio-
distribution and the kinetics of old and new drugs to be used 
as boron carriers, by means of kinetic curves (showing the 
boron concentration as a function of time in biological sam-
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ples, such as blood or urine) or the imaging of boron distri-
bution in tissues (to verify the selective targeting of the 
tumor cells by the specific drug). 

In the framework of the PhoNeS (Photo-Neutron Source) 
project [5], supported by INFN (Istituto Nazionale di Fisica 
Nucleare), a new imaging system based on in-hospital neu-
tron autoradiography was developed. PhoNeS was born 
with the goal of producing a neutron source that could be 
used in a hospital environment, making BNCT virtually 
available to any hospital with a radiotherapy unit, and not 
confining it only to nuclear reactors (where all the clinical 
trials have been performed so far, and expensive modifica-
tions are needed to host the treatment room where the pa-
tients are irradiated). The principle exploited by the PhoNeS 
prototype (a passive system, consisting of different mate-
rials arranged in layers of various thickness, to be placed in 
front of the head of a standard radiotherapic linac) is the 
photoconversion: via Giant Dipole Resonance (GDR) the 
high-energy (18-25 MV) and high-intensity photons pro-
duce fast neutrons (in the PhoNeS first lead layer), which 
are then thermalized with heavy water and PMMA (Poly-
MethylMetAcrylate) to reach a thermal-epithermal neutron 
flux in the treatment cavity of 1.26 × 107 n cm-2 s-1 (still not 
enough to perform in-hospital BNCT [1], but useful to carry 
on studies of boron imaging via neutron autoradiography).  

Neutron autoradiography (the detection of the α particles 

coming from boronated samples, once they are irradiated 
with a thermal neutron beam) is usually performed at nuc-
lear reactors (because of the intense fluxes required to in-
duce an adequate number of capture reactions) using solid 
state detectors (such as CR39) which have to be chemically 
etched to make the paths of the high-LET charged particles 
(αs and 

7Li ions) visible [6]. The imaging system described 
in this paper tries to solve both the drawbacks of standard 
autoradiography, making it a real-time analysis performed 
in a hospital environment, without the need of a nuclear 
reactor. 

II. MATERIALS AND METHODS 

The detector used for the imaging is a 9.5 × 9.5 cm2 
HAMAMATSU microstrip silicon detector [7]. Its 768 
microstrips (with a 121 μm pitch) are read by 3 self-
triggering TAA1 ASICS1 (Fig. 1). To increase the signal-to-
noise ratio, the silicon is used in a non-depleted mode 
(without applying any reverse-bias, limiting the sensitive 
region to the first few microns of the silicon, where only 
high-LET radiation – such as α particles – can release 
enough energy to be detected), making the number of hits 

                                                           
1 produced by Gamma Medica - Ideas 

due to the gamma background of the radiotherapy treatment 
room negligible; the detector behavior has been simulated 
with the GEANT3 code. 

Since the detector could not be inserted inside the origi-
nal PhoNeS prototype cavity because of its dimensions, a 
new simplified version of the photo-converter, consisting of 
0.5 cm of cerrobend2 (used to produce fast neutrons) and 6 
cm of PMMA (for the thermalization) was built. The gam-
ma source was the Varian Clinac 2100C/D of the Radiothe-
rapy Unit of the S.Anna Hospital (Como, Italy), producing a 
18 MV photon beam at 500 MU3/min, to reach a thermal 
neutron flux at the detector surface of approximately 1.5 × 
105 n cm-2 s-1. 

A dedicated data acquisition (DAQ), developed on pur-
pose for a hospital environment, exploits the pulsed emis-
sion of photons by the linac to acquire data only in the inter-
bunch period, when no photons from the primary beam but 
only neutrons are present. Thermal neutrons, in fact, move 
at approximately 2200 m/s and arrive on the surface of the 
silicon detector with a certain delay with respect to the pri-
mary beam: delaying the acquisition gate of about 500 μs 

with respect to the machine trigger is enough to avoid the 
silicon detector to be completely blinded by the high-
intensity primary bunch. 

 

Fig. 1 The microstrip silicon detector used for the imaging measurements. 

Solid and liquid samples evaporated on a non-permeable 
support were analyzed. Concerning the liquid samples prep-

                                                           
2 alloy of lead, bismuth, tin and cadmium 
3 1 MU corresponds to a dose of 1 cGy at the build-up for a field 

size of 10 × 10 cm2 at the isocenter which is located at a source-
to-axis distance of 100 cm. 
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aration, all the solutions were treated with an ultra-sound 
bath prior to the evaporation, both to ensure a homogeneous 
distribution of the boron compound in the solution and to 
prevent the production of clots (which could cause a self-
absorption effect of the alpha particles by the sample itself). 

III. MEASUREMENTS AND RESULTS 

A first feasibility study, to verify the optimization of the 
DAQ settings, was performed putting on the surface of the 
silicon detector solid samples with a high boron content. In 
this phase, the detector showed a great accuracy in the re-
production of the 1D boron distribution with a spatial reso-
lution better than the 242 μm readout pitch (strips are rea-
dout alternatively in a floating scheme configuration to limit 
the number of electronics channels). 

To analyze biological samples and to make the imaging 
detector useful for BNCT research, a calibration with BSH 
was performed to obtain the absolute concentration of 10B in 
the samples. Solutions at different concentrations of 10BSH 
were evaporated on a plastic support and analyzed by neu-
tron autoradiography. The calibration line was compared 
with the one obtained from the analysis of the same samples 
with a Mass Spectroscopy (MS) system and validated with 
the measurement of samples of unknown concentration 
(Fig. 2). 

 

Fig. 2 The calibration line obtained with the BSH samples (black squares). 
The points obtained from the unknown samples (red dots) are superim-

posed. 

 

The system was also tested to obtain kinetic curves from 
biological samples of urine and blood taken at different 
times from the administration of BSH and BPA to patients 
treated during BNCT clinical trials (in Petten, The Nether-
lands). The blood samples needed a different handling pro-
cedure with respect to the urines and the inorganic ones: to 
make the samples as thin as possible, they were in fact pro-
duced as blood films on glass slides. 

The analysis performed by the real-time autoradiography 
was compared to the MS examination of the same samples 
(Fig. 3), a standard quantitation method used to identify the 
concentration of a specific boronated molecule in a solution 
[8]. The relative trends are perfectly reproduced, while as 
far as the absolute concentration is concerned, the autoradi-
ography method detects a higher concentration of 10B with 
respect to MS; this effect, also confirmed by other kind of 
physical analysis (such as Prompt Gamma Activation Anal-
ysis [9]), is due to the fact that while neutron autoradiogra-
phy is able to identify the single 10B atoms, MS is sensitive 
to a known molecule. If the molecule administered to the 
patient undergoes a modification during its metabolization, 
it will not be detected anymore by MS, causing an underes-
timation of the total boron content in the sample. 

 

Fig. 3 Kinetic curve for the blood of a patient who was administered BSH 
during a BNCT clinical trial. The analysis via neutron autoradiography 
(red) is compared with the one obtained with a MS system (black) [8]. 

The real-time imaging system, once validated for the 
analysis of blood, found application during a new test to 
verify the opportunity to apply BNCT for the treatment of 
lung cancers. After a therapeutic explantation of a lung 
affected by adenocarcinoma (performed at the S. Luigi 
Hospital in Orbassano (TO), Italy) the organ underwent an 
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ex-vivo perfusion with blood and a solution of 10BPA (with 
a concentration of 300 mg per kilo of the organ to be 
treated). The lung, ventilated and kept warm controlling the 
temperature of the blood used in the artificial circulation, 
was perfused for almost 4 hours. Samples of blood were 
taken every 15 minutes, allowing a preliminary estimation 
of the 10B retained in the tumor by pharmacokinetic analy-
sis. The maximum concentration of boron in blood was 
found to be approximately 100 ppm (parts per million), with 
a 50% decrease at 90 minutes from the start of the perfusion 
(Fig. 4). 

IV. CONCLUSIONS AND OUTLOOKS 

In this paper the measurements to test and validate a new 
method to perform neutron autoradiography were described. 
The system, based on a microstrip silicon detector, is able to 
provide a 1D scan of boron distribution in samples (with a 
10B concentration down to 5 ppm). Thanks to the optimiza-
tion of the DAQ, the analysis can be performed in a hospital 
environment, making this kind of measurement usable on a 
large scale, since it can be carried on at every hospital with 
a radiotherapy unit. 

 

Fig. 4 A preliminary analysis of the kinetic of boron in the blood used for 
the ex-vivo perfusion of the lung affected by adenocarcinoma. The red line 

indicates the time at which a solution of NaCl was injected in the blood-
stream, causing a decrease in the total 10B concentration in the last point. 

The large area of the silicon detector allows the analysis 
of different samples at the same time, and the on-line acqui-

sition makes this autoradiography real-time, with no dead-
time between the irradiation and the results. A complete 
analysis of a low concentration sample can be performed 
within 50 minutes from the starting of the irradiation, but 
preliminary results are available already during the irradia-
tion itself. 

A further improvement in the detector and its support 
mechanics will allow the positioning of the samples at a 
certain distance from the surface of the silicon, making this 
kind of analysis non destructive for the samples themselves. 

New measurements are scheduled to test the efficacy of 
this method for the analysis of thin slices of tissues contain-
ing 10B.  
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Introduction of a Breath Gating System in a Clinical Environment 

A practical description of our experiences
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In  this  work  we  describe  the  introduction of  the  active 

breath  gating  system  SpiroDyn’RX  (SDX),  Dyn’R,  Muret 

Cedex, France, in our clinical facility.

The  patient  follows  his  own  breath  cycle  on  a  screen, 

installed on the ceiling  of  the  treatment room.  For  the CT-

scanner video-eyeglasses are available.  During the treatment 

the patient is an active part, holding his breath according to 

commands in a moderate position. Only one extra appointment 

is necessary for training of the patient. 

We  follow  the  introduction  of  the  system  from  the 

beginning to the evaluation of the first breast irradiations. A 

guide  line  has  been  developed  with  special  emphasis  on 

installation,  clinical  routine,  training  of  employees  and 

acceptance of  patients.  The comparison of  the  lung-margins 

and virtual simulated dose profiles show a stabilisation of the 

target volume and a reduction of dose to the organs at risk. 

The extra time needed for one fraction is approximately two 

minutes and a set-up and calibration time of the system from 

about  10  minutes  before  and  after  patient  treatment.  The 

additional training session is about 30 minutes.

The system is a sufficient and easy way to improve the daily 

radiation practice of  breast  and lung cancer.  The necessary 

extra time is minimal compared to the benefit for the patient.

Keywords—  Gating,  Breath,  Mama  Carcinoma,  Moderate 

Deep Inspiration Breath Hold (mDIBH)

INTRODUCTION 

During a normal treatment of Mama-carcinomas the tar-
get  volume anterior-posterior  due  to  the  breath  cycle.  To 
compensate this in conventional treatment planing the target 
volume has increased margins. The gating system helps to 
get the target volume in a reproducible position and for the 
left breast to increase the distance between the volume and 
the heart as organ at risk. We describe the introduction of an 

actual  available  breath-gating  system,  the  SpiroDyn’RX 
(SDX)  from  the  company  Dyn’R  (France).  This  system 
works with a spirometer attached to a mouth piece and a 
visual guidance for the patient. It is portable and capable to 
be used in a CT-scanner, simulator and accelerator. 

MATERIAL AND METHOD

The SDX is a small box with a flexible arm mounted at 
the measurement device.  This device is attached to an air 
filter and a mouth piece worn by the patient.  A nose-clip 
makes it impossible for air to pass by the spirometer. The 
patient  receives  visual  guidance  by  video-eyeglasses.  The 
device  measures  the  volume  of  the  breathed  air  and 
processes it in visual sinusoidal breath cycles. The patient 
follows  the  introduction  by  the  supervisor.  A  moderate 
deep-breath position is preferred and realised easily with the 
visual  guidance.  About  30s breath  holding is  normal  and 
sufficient  for  most  fractions.  The  variance  of  the  breath 
level can be edited. 

The  advantages  compared  to  other  systems  are  the 
mobility of the whole equipment. Only one unit is necessary 
for the use at CT, simulator and different treatment rooms. 
No major  installations  have  to  be  made in  the  treatment 
rooms.  For  the  patient  it  is  easy  to  reach  a  reproducible 
extended breath status, which has benefits compared with 
contracted chest. It is no source of radiation just like x-ray 
gating. 

A disadvantage for some patients is the wearing of the 
eyeglasses,  clip and mouth-piece  which is  uncomfortable. 
Air filter and mouthpiece are consumable products.

A  training  session  for  the  performing  supervisors  is 
necessary. The basic idea of the benefit are for most people 
directly  comprehensible.  The  handling  of  the  system  is 
quite  easy  to  follow.  During  this  a  good bedding  of  the 
patients  could  be  determined.  After  some  experience  the 
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extra  time  for  one  fraction  is  about  2  minutes,  with  a 
preparation  time  of  about  10  minutes  for  set  up  and 
calibration. 

The whole treatment was well tolerated by the patient. A 
single remark,  about the mouth piece,  which made a dry 
mouth,  was  made.  With  a  glass  of  water  before  the 
treatment this problem was solved. Extra work for the staff-
member was held to a minimum.

At  the  start  of  a  patient  treatment  series  and  before  the 
planning CT-scan a training session of about 30 minutes is 
necessary. It could be made in a regular patient room, but 
under same bedding conditions. For the patient it is easier to 
train  without  time  pressure.  Agitation  is  visible  by  the 
breath cycles and complicate the training. With the training 
unexpected  difficulties,  like  problems  of  breathing  or 
bedding are spotted.

For the CT-scan one or two breath holds are sufficient, 
depending on the time needed for taking the scan.
Even though we have not experienced a breakdown, as any 
system, the SDX must be expected to fail at some point in 
time. With the breakdown concepts we avoid a delay of the 
treatment  in  case  of  any  malfunctions.  During  the 
simulation we determine a change of the table position. For 
breast  cancer,  the movement could be assumed to be two 
dimensional anterior-posterior.  With relaxed lung a lift  of 
the table in the range of 2cm brings the breast back into the 
beam. The exact change is measured by two side view radio 
graphs of relaxed and gated breast.  The simulation of the 
plan causes no problems for us.

The fraction itself makes only about 2 extra minutes. The 
preparation of the system (set-up, calibration) takes about 
10 minutes and a warm up time, if the system is not always 
under power supply. A lunch-break or the morning is ideal 
to  position  the  system and  to  let  it  warm up.  For  direct 
following fractions of gating patients this build up time is of 
course not necessary. 

For the calibration a syringe of exactly 3 liters volume is 
used. With the syringe a breath cycle is simulated, the total 
lung volume of the simulated patient have to be exact the 3 
liters  of the syringe. The simulation of a breath cycle with 
the syringe needs some experience and care. The software 
of the system has a special sub program for calibration and 
analysis.

RESULTS

Installation of the SDX was easy and fast. Only a few 
days  plus  shipment  time,  for  extra  parts  like  cables,  are 
needed for the installation. The staff-members and patients 
accepted the system without any problems. The additional 
time  needed  is  minimal.  The  expected  benefits  (2)  were 
confirmed by comparison of the stability of lung-margins 
from beam-eye views.

DISCUSSION

Next  step  of  our  introduction  would  be  the  use  for 
bronchial-carcinomas.  The  radiation  of  mama-carcinomas 
are a good beginning of gating practice. Target movements 
without the system occur, but no disease-related problems 
of breath is to be expected. For BC-patients the movement 
of the tumor is more complex as for nearly one dimensional 
movement from MC-patients. 

CONCLUSIONS 

The SDX is an adequate gating system to improve daily 
radiation  practise.  Extra  time  needed  for  one  fraction  is 
minimal. Staff-members as well as patient accept the gating 
system as a good improvement.
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Abstract—Treatment planning directives have been devel-
oped for radiation therapy process and workflow improve-
ment.  Initial plan directives were developed on paper forms. 
These directives have improved our department's workflow 
based on a lean thinking approach to process improve-
ment.  Treatment plan directives describe a standard path for 
each type of case in the belief that standard work leads to 
fewer quality problems, less rework, better attention to patient 
needs, more effective communication, and more efficient use of 
resources.  The standard planning patterns represent a clinical 
consensus for each type of case.  The directives lead to better-
documented decisions and instructions, and more easily allow 
specification of non-standard instructions. 

In this paper, we describe treatment planning directives, 
how these directives relate to existing radiotherapy treatment 
planning concepts, and how the directive concept enables 
better management of individualized adaptive radiotherapy 
treatment courses.   We also describe our efforts to computer-
ize these directives in order to automate and improve work-
flow using an open-source healthcare data system. The ability 
to capture (web-based) directive instructions, the use of a 
rules-based decision support system, and the ability to interact 
with other systems (imaging, planning and delivery systems) 
provide flexibility to describe and manage a variety of complex 
adaptive treatment scenarios. 

Keywords—radiotherapy; computer; adaptive; directive; 
process management; decision-support. 

I. INTRODUCTION 

In Radiation Oncology, the management of activities re-
lated to the preparation, planning, and delivery of therapy 
has become quite complicated. Multiple imaging studies are 
often requested and used for complex treatment planning 
based on various targeting and normal tissue dose delivery 
goals, and leading to complex treatment delivery scenarios.  
These processes involve interactions within a large team of 
clinicians.  In our department, as a result of a lean thinking 
approach [1], we have identified over 50 individual steps 
which may be followed in dealing with a patient’s case 
going from consult, simulation, planning, to delivery.  Close 
examination of those steps have shown many steps which 
are due to miscommunications or missing data leading to 
delays and rework.  To address some of these issues, we 
have, therefore, developed a series of directives that are case 

type dependent and that delineate guidelines for the key 
components needed to develop an appropriate treatment 
plan. 

While the paper forms satisfy the basic need for specify-
ing the treatment plan directive data, computerizing the 
directives provides mechanisms to more effectively capture 
the necessary data and to make it readily available to others 
involved in the treatment plan development and execution. 
Furthermore, in a number of situations, the transfer of data 
to and from various processes such as imaging studies, 
image registration, contour delineation, and beam planning 
can be automated with computerization.   

While planning directives are useful for all types of 
treatment planning, a computerized solution lends itself to 
more complex scenario where we may perform multiple 
evaluations and possibly re-planning over the course of 
treatment with the purpose of refining the treatment based 
on ongoing patient assessments.   The strategies to be used 
regarding timing and methods to be used for assessment 
during treatment need to be specified upfront (directive) and 
closely monitored.  As we report here, this can be accom-
plished through a computerized system using rule-driven 
decision support. 

II. MATERIALS AND METHODS 

A. Plan Directive Concepts 

A radiation treatment planning directive describes, for a 
given treatment site, a list of image studies and a list of 
target and normal tissue structures that are to be defined 
using those imaging studies and that will be used for plan-
ning. Also specified are expansions of those structures as 
well as definitions of composited regions used for scoring 
treatment plans within an optimization process.  Directives 
further specify target goals, prescription guidelines, plan-
ning suggestions, and special instructions.  Adaptive course 
management also includes requirements and frequency for 
mid-course evaluations and planning. 

To standardize the directives use and to ease the burden 
of completing a directive from scratch, template directives 
have been developed for a variety of sites. Each template 
represents a set of typical requirements based on site and 
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protocol specific instructions.  Starting with a template, the 
physician is then able to select from optional components 
and add additional requirements as needed. 

B. Computerizing the Directive 

Our goals for developing a computerized version of the 
treatment planning directive has been to make them readily 
accessible to the clinicians and dosimetrists during the 
preparation of the case before and during treatment plan-
ning. To further enhance the utility of the computerizing the 
directives, an additional goal was to provide for the creation 
of work lists and notifications to users along with automated 
process-to-process communications where possible.  
   Also affecting our approach to computerizing the directive 
records, we have for the past few years been looking into 
utilizing semantic interoperability where data is tagged and 
the tags convey a particular meaning (usually with con-
straints on content and with defined associations and rela-
tionships with other tagged elements). 

For this project, we have chosen to use an open-source 
electronic healthcare record (EHR) system which is sup-
ported by Tolven Healthcare, Inc..[2]  Some of the features 
of this system that lead to our adoption were a system 
which: 

1. Is based on standard HL7 V3 RIM data model [3]and 
continuity of care record modeling.[4] 

2. Provides for a web-based user interface (can access 
from any device with a browser).  

3. Is highly configurable through metadata specified via 
XML file dictating both data content and presentation 
(tabs, portlets, lists) elements. 

4. Uses XHTML files to provide “wizards” for capturing 
data.   (these can be customized or new ones added). 

5. Provides a rule-based evaluator for data based decision 
support. (rules are configurable). 

6. Uses Java and a JBOSS application server. 
7. Uses standard SQL database (Postgres or Oracle). 
8. Uses secure socket data communication and encrypted 

data storage 

The Tolven software distribution comes with two  applica-
tions, one for a personal health record (ePHR)and another 
for a clinical record (eCHR).  These are formulated to allow 
management of complete healthcare data. 

C. Customization 

To date, we have only needed to modify the configura-
tion data to implement our planning directives.   Customiza-
tions have included modifying the application XML file 
which details the metadata used for a particular account 

type. We started our customization with the provided 
(eCHR) application XML file and extended it to allow ac-
cess to our treatment planning directives and to access the 
management of template directives.  Since the original 
eCHR was designed to capture a full health history there are 
a number of tabs (such as a hypertension registry) which we 
don’t anticipate using.  While we could remove these en-
tirely from the application, the visibility of these items can 
be controlled by the account administrator and even by the 
user (if allowed). 

In addition to modifying the application metadata, It was 
also necessary to add “TRIM” files for our treatment plan-
ning directives.  The “TRIMs” are the templated reference 
information model that describes the data model which 
normally results in an instantiated “document” which is 
submitted and stored in the database.   The TRIM usually 
extends one of the HL7 RIM objects such as an ACT, 
PROCEDURE, PLAN, or OBSERVATION.  So the indi-
vidual patient specific TRIMs only need to specify the ele-
ments unique to a particular instance of the new object.   In 
our case, a radiation planning directives is not currently a 
part of any standard.  We have chosen to extend the patient 
ACT TRIM which servers as a general wrapper for a num-
ber of these types of objects.   

For most TRIM’s, there is also a corresponding “wizard” 
XHTML (Java Faces) file which describes the web user 
interface which can be used to capture the trim data. There 
is also a “drilldown” XHTML file that is used to summarize 
the data without any user modification.   It is in fact this 
XML description that is stored in the database when this 
document is saved and submitted.    

When a document is completed (and optionally signed) 
and then submitted, the document is sent to a queue for 
processing by the rules evaluator.   Another piece of the 
customization is then to add rules associated with the new  
document. The rules are used to manage lists and can also 
be used to send e-mail to users or messages to external 
systems. 

D. Development Environment 

The development and customization of this software and 
configuration files uses the Eclipse IDE with the original 
software downloaded and updated from source forge using 
CVS. CVS is also used for archiving our customization 
changes using our own CVS code server.  Generally for 
development, each developer needs to set up a complete 
installation on their computer.  Since setting up the software 
environment is time consuming, we have created a virtual 
installation using VMWARE that can be shared between 
developers. 
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E. Process and Data Flow Model  

Because the rules are only fired when a document is 
completed and submitted, we have split the directive into 
sections that are treated as separate trims and documents to 
provide finer grain control for work flow and process con-
trol.  The sections and the possible actions indicated by “⇒” 
are: 

•  Imaging study requirements 
⇒ Populate imaging work list 
⇒ Transfer images to contouring/planning  

system 
•  Structure (target and normal) requirements 

⇒ Populate contouring work list 
⇒ Send structure identification list to contour-

ing device 

And the following two sections are completed after the 
above actions have been completed:  

•  Prescription requirements  
•  Planning requirements and considerations 

The completion of the entire directive requires completion 
of all of the above sections and requires a physician’s signa-
ture(electronic) prior to sending off the request for treatment 
planning to begin.  

⇒ Populate treatment planning work list 
⇒ Send planning parameters to planning system 

F. Extension for Adaptive Therapy 

The above data flow description doesn’t cover the sce-
narios where we are planning an adaptive treatment.  For 
adaptive therapy, we need the ability to describe the direc-
tive for not only the initial planning but also for each time 
we are reevaluating the treatment to date and considering 
possible replanning actions.  To handle this initially, we 
have specified planning directives where each of the “sec-
tions” have a “before” (start of treatment) and  “during” 
(treatment) requirements.  The “during” section identifies 
additional image studies needed for reevaluation.    

III. RESULTS 

The following figure represents a treatment planning di-
rective in paper form for an adaptive lung treatment  
protocol. 

 
Radiation Treatment Planning Directive for adaptive lung protocol 

The following figure from the Tolven web-based inter-
face provides an overview screen showing “portlets” which 
provide access to a variety of clinical information about the 
patient.  Customization has been used to add a portlet for 
the treatment planning directive items. (Note: the case 
shown is “generated” demo data.) 
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The following shows a partial list of template treatment 
planning directives which are defined and managed by an 
account administrator.  The templates can be selected at the 
time of adding a new treatment planning directive. 

 

The wizard associated with adding a new treatment plan-
ning directive uses multiple steps to capture the various 
instructions associated with a directive. The following 
screen shot illustrates the capture of target structures needed 
for planning.  The appropriate imaging sources to be used 
are indicated along with volume expansion details.  Some of 
these structures are to be defined by the physician while 
others can be drawn/generated by the dosimetrist. 

 

The completion of the individual components of the di-
rective are used to generate activity lists which can be used 
for workflow and process management.  

IV. DISCUSSION 

The concept of plan directives has proven to be a useful 
tool for improving efficiencies through better communica-
tion and more timely instructions between the physician and 
those involved with preparation and generation of radiation 
treatment plans.    Computerizing the capture of this infor-
mation remains a work in progress.  The choice of an open 
source electronic health record system has been challenging 
due to the requirements to define “standard” terminology 
and codings. A planning “directive” is not currently an 
accepted part of any standard.  However, part of our motiva-
tion towards our current clinical research into adaptive 
treatment management is to demonstrate feasibility and to 
develop methodologies that can then be applied at other 
institutions. 

V. CONCLUSIONS  

Treatment planning directives provide a way to specify 
“up front” many of the details needed to assemble the data 
needed to proceed with complex treatment planning.  Com-
puter support for these directives further facilitates the proc-
ess by providing ready access to this data and by addressing 
a growing need for integration in radiation oncology patient 
management. 
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Abstract— Fast range adaptation is essential for three di-
mensional (3D) beam tracking for precise irradiations of mov-
ing targets with scanned ion beams.  

Electromagnetically controlled ion beam deflection in com-
bination with a fixed absorber inside an ion beam delivery 
system has been considered as a fast range adaptation method 
for moving targets. As a feasibility test of this method, ion 
beams were deflected with magnets on a static wedge degrader 
at a thickness corresponding to the required range adaptation. 
Beam profiles at target position were investigated both in 
experiments and simulations. The measured horizontal and 
vertical beam profiles of  5–11 mm FWHM for specified range 
shifts of up to ±15 mm water equivalence were found to be in 
good agreement with simulations. 

Keywords— scanned ion beam therapy, beam tracking, range 
adaptation 

I. INTRODUCTION  

Treatment of intra-fractionally moving targets such as lung 
tumors with scanned ion beams and beam tracking requires 
precise and fast range modulation in addition to lateral  
position adaptation [1]. At GSI the delivery system for 
scanned ion beam radiotherapy [2-3] has been extended to 
perform beam tracking [4]. The lateral position adjustment 
is achieved by modifying the scanner parameters in real 
time (1 - 10 ms/raster point) while range modulation is 
performed by a motorized double wedge system. The dou-
ble wedge system with its state-of-the-art hardware modu-
lates an ion beam range change of 5 mm water equivalent 
(WE) in ~25 ms [5]. A linear prediction method is used to 
overcome this small delay which corresponds to an irradia-
tion time of more than one raster point. Although beam 
tracking in 3D with prediction gives good dosimetric results 
[4], a faster non-mechanical option is investigated for im-
proved range adaptation capabilities. 

In order to modulate the ion beam range within the deliv-
ery time for each raster point an ion-optical system which 
includes a static wedge shape degrader positioned between 
two dipole magnets has been considered. The energy of the 
incident beam is modified by energy loss in the degrader. 
The amount of energy loss is controlled by selecting an 

appropriate penetration length by deflecting the beam to the 
corresponding position on the degrader. The ion-optical 
components following the wedge are adjusted to guide the 
beams with modified beam energy. Due to the beam modi-
fication within the degrader beam parameters such as beam 
width, energy straggling, and yield at the target position will 
differ from the incident beam and have to be investigated 
with respect to therapy conditions 

In this contribution beam profiles with two types of de-
grader shape were studied both experimentally and by  
Monte Carlo simulations in order to investigate the feasibil-
ity of this novel dynamic delivery system for beam tracking. 
Initial results from these experiments are presented. 

II. MATERIALS AND METHODS 

A. Beam line setup 

The therapy beam line at GSI was used to test the pro-
posed method experimentally. The beam line includes two 
dipole magnets arranged in an achromatic beam guiding that 
can be used for the beam range modification if a degrader is 
positioned in between. The arrangement is followed by two 
quadrupole magnets for beam focusing. The ion-optics 
arrangement is illustrated in figure 1. The well focused 
beam can be deflected along the X-axis by the first dipole to 
penetrate through the specified position at the degrader, and 
the second dipole shifts the beam back on the central axis. 
The isocenter is the reference position in the patient treat-
ment room. 

 

Fig. 1: Bird’s eye view of the beam guiding to the therapy room. The dark 
solid lines indicate the beam envelope along the X-axis. 

Z

X
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B. Degrader Position inside the Beam Line: 

Fig. 1 indicates the location of the degrader between the 
two dipoles inside the beam line. A pair of vacuum 
feedthroughs allowed precise and remote-controlled posi-
tioning of the degraders in the beam line in ultra-high vac-
uum.  For example, a wedge degrader was positioned at the 
beam line center such that beam deflection along the X-axis 
(left-right in beam's eye view, see fig. 1) caused modulation 
of the penetration thickness. 

C. Wedge Material and Shape: 

Two types of wedge shape were tested. One was ramp-
shaped with a continuous variation of thickness along the 
X-axis while the other one had discrete thickness changes 
along the X-axis (stair-like). Two different degraders were 
designed for each type of shape. All degraders were made of 
PMMA (density: ~1.165 g/cm3) and the thickness along the 
Y-axis was homogeneous. 

The two ramp shape wedges were manufactured with a 
slope factor m of mramp5=0.53 and mramp3=0.33, respectively. 
The penetration thickness of degrader material t of the beam 
can be expressed by  

shiftmid xmtt   Eq. 1 

where tmid is the middle thickness of wedge and xshift is 
the beam shift along X-axis. Fig. 2 shows the different types 
of degraders. The middle thickness tmid is 17.6 mm and 11.2 
mm for ramp5 and ramp3, respectively. The step wedges 
include different thicknesses up to 25mm. 

 
Fig. 2: The two types of wedge shaped degraders (Ramp and Step). 

D. Ion-optical settings: 

The ion-optical settings of beam transporting magnets 
were optimized to obtain a small focused beam spot on the 
degrader and an appropriate beam profile at the target posi-
tion for several cases with and without range modulation. 
The ion optical settings were calculated by using the ion 

beam guiding software MIRKO [6] which has been used to 
optimize the ion beam transport at GSI. For experiments, an 
online version of this software interacts directly with the 
beam line hardware to set the optimized settings. 

E. Simulations: 

The ion-optics settings calculated with MIRKO were im-
ported to the Monte-Carlo beam transmission simulation 
code MOCADI [7] which calculates the beam interaction 
with matter inside the ion-optical system. MOCADI uses a 
transfer matrix for each ion-optical element to calculate the 
traversal of the ion beam. Also the inserted degrader with its 
thickness and density parameters is converted into a transfer 
matrix and considered as an in-optical element by this soft-
ware. No additional beam collimation was used behind the 
degrader. Each ion-optical element's beam acceptance was 
set to its physical entrance shape as in the beam line. 

The simulations were performed for different beam shifts 
(range shifts) and the wedge settings as described in II.C. 
The beam energy values calculated by the software corre-
sponding to a given degrader thickness were used to adapt 
the ion-optical elements downstream the degrader to guide 
the ion beam to the target point. 

F. Experiment: 

The purpose of the experiment was twofold: First, we 
wanted to determine if the simulated magnet settings result 
in the optimized range variations. Second, we were inter-
ested if the beam profiles at isocenter were comparable to 
beam profiles used for therapy (3-10 mm FWHM). 

The experiments were performed for carbon ion beam 
with a single energy of 200.28 MeV/u. Position grids as 
beam detectors were used to measure lateral beam profiles 
(X- and Y- axis) in the beam line before and behind the 
degrader and also at the isocenter (see fig. 1). A range tele-
scope was used to measure Bragg peaks in water behind the 
beam monitor at isocenter. We adjusted the water column of 
the range telescope in steps of 0.5 mm in the proximal and 
distal part of the Bragg peak. The peak area was measured 
with steps of 0.1 mm. The beam focus was adjusted manu-
ally at the isocenter by changing the quadropoles’ settings 
using MIRKO. 

As a first step, beam profiles without degrader wedges 
were measured as reference. Similarly, beam profiles were 
measured for each type of wedge and for different beam 
shifts.  

t 

x
shift  

m 

t 

Ramp Step 
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III. RESULTS 

A. Lateral Beam Profiles  

With simulations a beam deflection up to ±28 mm on the 
wedge inside the beam optics with a fine focus of ~3 mm 
FWHM was determined. A beam focus of 5 – 10 mm be-
hind the wedge was observed at isocenter.  

The experiments were performed with shifts up to ±24 
mm along the X-axis. The beam profiles were analyzed by 
fitting a Gaussian distribution over the whole measured data 
range. Fig. 3 shows the lateral beam profiles measured for 
wedge ramp5 with and without beam deflections. The de-
duced FWHM before the wedge was ~3 mm and was stable 
for the beam deflections. The adapted beam profile meas-
ured at the isocenter could be adjusted from 5 – 11 mm 
FWHM. 

 

 
Fig. 3: The measured lateral beam profiles before (upper panel) at the 
wedge (ramp5) and at isocenter (lower panel) along the X-axis (left) and 
the Y-axis (right). The line types indicate beam position at xshift = 0 (solid), 
xshift = -24 (dashed) and  xshift = 24 (dash-doted) on the wedge. 

B. Beam Range 

The range for each ion-optical setting was obtained by 
measuring the Bragg curve. Figure 4 shows the measured 
Bragg peaks for the wedge ramp5 for xshift= -24, 0, and 

+24 mm in comparison to a reference curve without de-
grader. The corresponding range shifts were analyzed by the 
measured Bragg curves and converted into wedge thickness.  
They were compared with the design values of the wedges 
to check experimental consistency.   

 

 
Fig. 4: Bragg peaks for xshift=-24 (empty cicle), xshift=0 (empty square), 
xshift=24 (empty triangle) in comparison and relative to the reference posi-
tion (filled triangles) in water.  

The mean differences between the observed penetration 
thicknesses and the designed wedge thickness by Eq. 1 were 
found to be ~0.23 mm and 0.08 mm for ramp5 and ramp3 
respectively, and 0.06 mm and 0.08 mm for the step 
wedges.  

IV. DISCUSSION 

Range adaptation with the proposed novel method inside 
the beam line of the delivery system was successfully tested 
in terms of the beam profiles at the isocenter with simula-
tions and experiments. 

The experiments show that beam deflection along the X-
axis on the degrader was accurate and the beam widths 
along X-axis and Y-axis were stable (Fig. 3 upper panel). 
The accuracy of the beam deflection was also confirmed by 
observing the expected ranges in water corresponding to the 
enrgy loss in the degrader. The results for the lateral beam 
profiles at the isocenter (Fig. 3 lower panel) show that with 
this method the adapted beam can be delivered to the target 
comparable to standard therapy conditions at GSI, at least 
for the specific cases studied. Variations of beam profiles 
observed in the experiments are currently attributed to the 
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beam line settings that were not tuned for perfect Gaussian 
beam profiles.  

The results demonstrate the  proof of the principle for 
fast range adaptation inside the beam line. However, further 
experiments and design studies are required to specify an 
optimized beam guiding system. Also the transmission of 
particles to the target point has to be considered as an im-
portant factor to control such a dynamic beam delivery. The 
response time of the system depends mainly on the ramping 
time of the magnet power supplies which corresponds to a 
lateral shift of the beam of about 1 cm in 1 ms. 

V. CONCLUSIONS 

Range adaptation with the proposed novel method was 
successfully tested experimentally. The experimental results 
also validated the simulation studies. At this stage we con-
sidered only the lateral and depth beam profiles. Following 
experiments will also investigate beam scanning capabili-
ties. 
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ABSTRACT 
 Purpose: The continuous delivery of a specific treat-

ment plan for an arc therapy can be achieved with multiple 
solutions for speed of gantry rotation, beam dose rate varia-
tion in time and with various speed trajectories of MLC 
leaves. This non-uniqueness of arc therapy delivery creates 
situations that given treatment plans can be delivered with 
arc with variable degrees of efficiency. The goal of this 
study is to find the most time efficient realization of the arc 
delivery provided all constraints of the delivery system are 
satisfied.  

Methods and Materials: The starting point for our con-
siderations is that the specific plan of treatment has been 
derived for arc radiation therapy. We identify first the in-
variants of the arc therapy. These are parameters of the plan 
that have to be kept unchanged during delivery to preserve 
the integrity of the plan, i.e. they assure that plan delivered 
leads to dose distribution that is identical to dose distribu-
tion derived at the treatment planning process. We find that 
dose delivery invariants include file defining apertures of 
MLC as function of gantry angle and file defining beam 
intensity (MU) as function of gantry angle. The other point 
of our considerations exemplifies limitations of delivery 
systems for arc therapies. These constraints include gantry 
angular speed limit, beam dose rate limit and MLC leaf 
speed limits. Provided above invariants and limitations are 
satisfied, there exist multiple solutions for arc therapy de-
livery. We derive formula for such determination of gantry 
rotation speed, beam dose rate variation and MLC leaf 
speeds during delivery that lead to minimal time of arc 
therapy of a given plan.   

Results: We investigate the example of arc therapy com-
paring delivery performed under standard delivery algo-
rithm (Varian Medical system) and our time optimized 
delivery. We first solve the optimization problem and define 
delivery files. We then simulate deliveries based on parame-
ters derived from standard algorithms and from our solu-
tions. In our preliminary study we find that both deliveries 
provide identical dose distributions and observe that our 
algorithm leads to 10-15% decrease in delivery time. 

Conclusions: Investigation of minimal delivery time arc 
radiation therapy demonstrates that the proposed method 
provides a viable option for continuous delivery of arc ther-
apy treatments implemented with clinical TPS and clinical 
linear accelerators.  The phantom study shows that minimal 
delivery time arc radiation therapy improves treatment effi-
ciency without compromising dosimetric integrity of dose 
parameters at irradiation process.  

Keywords:  Continuous Arc therapy, Delivery of radia-
tion therapy, Optimization of treatment delivery 

I. INTRODUCTION 

The delivery of radiation treatments in the course of con-
tinuous DMLC Arc therapy (Rapid Arc, VMAT) has some 
specific advantages over static IMRT delivery with few 
static IMRT beams. For example, one potential advantage is 
its efficiency. While static IMRT uses beam ON for specific 
gantry angles and then has to switch beam OFF when mov-
ing gantry to the next angle, the continuous DMLC Arc 
therapy keeps beam ON without interruption over the entire 
delivery.  

The best way to see similarities and differences between 
IMRT and continuous DMLC Arc therapy is to compare 
MLC based Static IMRT and DMLC Arc therapy. In Step 
and Shoot IMRT (S-IMRT) the apertures per beam are 
densely populated and the beam directions (gantry angles) 
in sparsely populated. In multiple beam therapy the aper-
tures per beam are sparsely populated (one fixed aperture 
per given gantry angle) but the beam directions (gantry 
angles) are densely populated. Moreover in S-IMRT the 
beam is turned OFF between changing apertures and chang-
ing gantry angles.  In both deliveries each aperture is asso-
ciated with given fraction of dose (Monitor Units) to be 
delivered.  

We can see that the process of delivery of multiple beam 
therapy consisting of large number of densely populated 
gantry angle beams with one fixed field (aperture) per beam 
direction is actually very similar to S-IMRT. The only dif-
ference between these deliveries is that in multiple beam 
therapy after given number of monitor units is delivered per 
given aperture at  given beam angle, the change of beam 
aperture to the next shape each time  is accompanied by 
motion of the gantry to the new beam direction.  

Now we may notice that each therapy described above 
has its continuous version. The S-IMRT can be closely 
approximated by DMLC IMRT (D-IMRT) delivery when 
motion of leaves from one aperture to the other, for given 
beam direction, is interpolated by continuous motion of 
leaves at the time when beam is continuously ON at the 
time when leaves are moving. However, when gantry moves 
to different position, to irradiate from new direction the 
beam is switched OFF. The continuous version of multiple 
beam therapy (DMLC Arc therapy) consisting of large num-
ber of densely populated beams over gantry angles will in 
turn be closely approximated by delivery in which leaves 
move from one aperture to the other (when gantry moves 
from one angle to the subsequent angle for the next aper-
ture) over interpolated, continuous trajectories that define 
continuous irradiation during this motion. Thus motion of 
gantry from one angle position to the other is accompanied 
by continuous beam irradiation, in contrast to DMLC IMRT 
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for which the beam is OFF during gantry moving from 
beam direction to the other. Thus, summing up, we see that 
while deliveries of S-IMRT and multiple beam therapy 
consisting of large number of densely populated over gantry 
angles beams with one fixed field (aperture) per beam direc-
tion are essentially identical,  the continuous version of 
these trajectories are effectively different. The basic differ-
ence is that DMLC IMRT requires switching off beam dur-
ing gantry motion while DMLC Arc therapy is character-
ized by uninterrupted delivery of the treatment from start to 
finish.  
Table 1: Radiation Delivery characteristics of different 

delivery techniques 

 
The efficiency of the DMLC Arc therapy is known to be 

better than the efficiency of DMLC IMRT, even the time 
optimized DMLC IMRT. The time optimized delivery of 
DMLC IMRT has been well studied in the past. [1-3] How-
ever, the time optimal delivery of DMLC Arc therapy has 
not been studied yet. The solution of this interesting prob-
lem of the optimal delivery of Arc therapy is therefore the 
main subject of the investigation presented in this paper. 
First we describe heuristically the main aspects of the prob-
lem and then explain our approach to the solution. We illus-
trate the solution on a given example.  

II. METHODS 

The plan for Arc therapy based on optimization of dose 
distribution in the patient body results in determination of a 

 (a) Sequence of field openings (apertures) indexed by 
gantry angle and  

 (b) Sequence of beam weights (MUs) associated with 
each aperture.  

From the beam control point of view such a plan results 
in two control files, one defining trajectories of MLC leaves 
as function of gantry angle and the other defining beam 
dose rate intensity as a function of gantry angle. The par-
ticular realization of so defined therapy depends also on two 
other parameters that define beam characteristics during 
therapy, the angular speed of the gantry and the beam dose 
rate, both allowed to vary with time. These two parameters 
may be varied during delivery in a manner such that the 
files defining trajectories of MLC leaves as function of gan-
try angle and defining beam dose rate intensity as a func-
tion of gantry angle remain invariant. In other words, do-

imetrically identical Arc therapies can be delivered in many 
ways.  Depending on the angular speed of the gantry and the 
beam dose rate variability with time at different realizations 
of Arc therapy delivery can be achieved that leads to identi-
cal dose distribution in the patient body.  It is worth noticing 
that various realizations of the angular speed of the gantry 
and beam dose rate can lead to more or less efficient irradia-
tions. For most efficient delivery, minimizing treatment 
time duration should be the goal, and so the solution of the 
problem of optimally efficient ARC therapy delivery is to 
be determined.  

To properly formulate the above optimization problem 
we first should notice that feasibility of DMLC Arc delivery 
requires taking into account hardware constraints present in 
existing photon therapy delivery systems. These systems are 
currently based on clinical linear accelerators that are 
equipped with MLC apertures. Typical constraints for such 
systems include:: 

a) Limitation max  for the maximum speed of gantry 
rotation. In other words the limitation of speed gantry rota-
tion means that angular speed of gantry w = [dg/dt] belongs 

to interval [0, max ]. 

b) Limitation maxr  for the maximum value of beam dose 

rate. Thus maxr  is the maximal value for quantity [dm/dt], 

where m(t) denotes cumulative number of monitor units 
delivered at time t and [dm/dt] is derivative of m(t) having 
interpretation of number of monitor units delivered per unit 
of time in time t.  In other words the limitation of beam dose 

rate means that [dm/dt] belongs to interval [0, maxr ]. 

c) Limitation maxv  for the maximum physical speed of 
leaves denoted physical = [dx/dt], where x denotes position 

of leaf measured relative to isocenter along the direction of 

leaf motion. Thus maxv  is the maximal value for quantity 

[dx/dt], where x(t) denotes position of leaf at t. .  In other 
words the limitation for leaf speeds means that [dx/dt] be-

longs to interval [0, maxv ]. 

Now we can state the condition for DMLC ARC treat-
ment delivery optimality: 

Optimality (O). To minimize DMLC ARC delivery time 
one needs to spin gantry angle as fast as possible at each 
gantry angle g between g=0 deg and g=360 deg, while pre-
serving beam apertures as functions of gantry angle g at 
each g (condition (a) above) and preserving beam weights 
associated with each aperture (or preserving beam dose 
rates indexed by gantry angle g at each g; see conditions (a) 
and (b) above). Moreover, delivery parameters at DMLC 
ARC treatments have to be kept to values that will not vio-
late machine constraints a, b and c listed above.  

 (i) Conditions of preserving beam weights M(g) associ-
ated with each aperture at g impose requirement on gantry 
angular speed [dg/dt] at g as given by   

dg
dt

dt
dm

dg
dmgM )(    (1) 

Delivery Characteristics 

 Delivery 
Type/ Acro-

nym 

#  of  
gantry 
angles  

#  of MLC 
aperture 

per gantry 
angle 

Beam Status 
between MLC 

MLC aper-
tures change 

Beam Status 
between 

gantry angle 
change   

Multiple beam 
3D CRT Dense One OFF OFF 

Step and Shoot 
S-IMRT Sparse Dense OFF OFF 

Dynamic IMRT 
D-IMRT Sparse Very dense 

Continuously 
ON OFF 

DMLC Arc 
Therapy 

Very 
Dense One 

Continuously 
ON 

Continuously 
ON 
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(ii) In turn, conditions of preserving beam apertures in-
dexed by gantry angle g  impose requirement on speed 
[dg/dt] at g have to keep invariant planar trajectory x(g) of 
each leaf as function of g, or equivalently, keep invariant 
speed trajectory v(g) of each leaf as function of g. In quanti-
tative terms this means that   

][

)(
)()()()( ,..

.

dt
dg

g
g

dg
dtg

dt
dxg

dg
dxgv

phys
LkLkLk

Lk
   (3) 

 

(or)   
)(

)(
)(

,

,

gv
gv

g
dt
dg

Lk

phys
Lk          (4) 

From a. b. c. and (i) and (ii) above we find that largest 
possible value of speed of gantry rotation at each g as 

 

(g)v
v,

(g)v
v,r

gM
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dt
dg

k,Fk,L
k

maxmax
maxmax )(

1
min  (5) 

where minimization extends over all leaf pairs k, (k=1,2, 
…K). For the same reason the largest possible value of 
beam dose rate at each g is limited by smallest of all values 
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,
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gMv
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and
)(
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,
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gv
gMv

Fk

, where minimization 

extends over all leaf pairs k, (k=1,2, …K). 
When the largest possible value of gantry speed rotation 

[dg/dt] is determined) as g  the explicit specification of 

most efficient DMLC ARC delivery strategy results from (i) 
and (ii) and requires setting of delivery parameters as: 
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III. RESULTS 

Delivery of the optimized plan was simulated using our 
time optimized arc delivery algorithm described above and 
compared with the delivery of Varian. Figure 1 MLC area 
as a function of gantry angle for planned Varian delivery 
and optimal delivery earlier than the Varian. This assures 
both deliveries are dosimetrically equivalent. 

Figure 2 shows the angular gantry speed variation for 
Varian delivery and our delivery. One can see the optimal 
delivery takes 65 seconds and the planned delivery is 75 
seconds. Figure 3 shows the dose rate variation as a func-
tion of time for Varian delivery and our time optimized arc 
delivery. Figure 4 shows the velocity profiles of the MLC 

leaf pair #32 (central leaves) for time optimized arc deliv-
ery. 

IV. CONCLUSION 

We find time optimized arc delivery leads to 10-15% de-
crease in time compared to Varian delivery. This could be 
of potential benefit in cases of treatment where multiple 
arcs are involved and for long treatments like Stereotactic 
Radiosurgery and Radiotherapy.  
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Figure 1: MLC area as a function of gantry angle for 

planned varian delivery and optimal delivery. 
 

 
Figure 2: Gantry speed variation for planned Varian de-

livery and time optimal delivery. 
 

 
Figure 3: Dose rate variation for planned Varian delivery 

and time optimal delivery. 
 

 
 
Figure 4: Leading leaf velocity profile for Leaf # 32 Var-

ian delivery and time optimal delivery. 
 

 
Figure 5: Following leaf velocity profile for Leaf # 32 Var-
ian delivery and time optimal delivery 
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Abstract—Small photon fields which were originally used 
for Stereotactic irradiation are currently being used increas-
ingly in modern radiotherapy such as IMRT, Tomotherapy 
and CyberKnife etc.  The dosimetry of these small photon 
fields for commissioning is a challenging task due to issues 
such as radiation field perturbation, volume averaging effects 
and lateral electronic disequilibrium.  In this work we have 
measured total scatter factor and beam profiles for small pho-
ton beams used in Radiosurgery using FXG gel dosimeter and 
optical readout system. Measurements were performed for 
both circular beams and mMLC beams. The Gel dosimeter 
measurements were compared with those obtained with ion 
chamber and GafChromic films.  The results indicate that Gel 
dosimetry could be a solution for the issues related to small 
field dosimetry.  

Keywords— Gel dosimetry,  Radiosurgery,  small photon fields, 
GafChromic films. 

I. INTRODUCTION  

Narrow high-energy photon beams of dimensions smaller 
than 4 cm2 are increasingly being used in advanced radio-
therapy such as Intensity Modulated Radiotherapy, Tomo-
therapy, Stereotactic Radiosurgery and Stereotactic Radio-
therapy applications. Accurate measurements of beam 
characteristics, such as the scatter factor, beam profiles and 
percentage depth dose data are required for commissioning 
the treatment planning system.  The dosimetric challenges 
of small field dosimetry are lack of charged particle equilib-
rium CPE, availability of small detectors of sizes compara-
ble to the field dimensions, and variations of the electron 
spectrum inducing changes in stopping power ratios [1]. 
Currently, no single detector is ideal for small field do-
simetry and the use of several detector types for stereotactic 
beam data acquisition has therefore been suggested as 
“good practice” [2].   Experimental determination of output 
factors pose a greater challenge due to issues such as accu-
rate positioning of the detector and volume averaging effect 
since the finite size of the conventional detector underesti-
mates the results [2].  Polymer gel dosimetry with NMR 
readout has been used to acquire beam profile and output 
factors [2,3].  In this work we have used FXG gel and opti-
cal readout system to obtain the output factors and beam 
profile measurements.  The results obtained were compared 

with those obtained with pin-point chamber and GafChro-
mic films.   

II. METHODS AND MATERIALS 

A. The Radiosurgery system 

The dosimetric measurements such as the output factors 
and beam profiles were measured for BrainLab circular 
collimators of diameter 15mm to 40 mm and BrainLab 
mMLC fields of size 6 x 6mm2 to 36 x 36 mm 2.  The meas-
urements were performed for 6MV photon beams from a 
PRIMUS dual energy linear accelerator.   

B. The Gel Dosimeter and optical readout system:  

The Fe gel was prepared by adding 4% Gelatin to 50mM  
H2SO4, 0.5mM Ferrous Ammonium Sulphate and 0.05mM 
Xylenol orange in a thin walled polystyrene cylinder of 
diameter 10cm.  The gel was prepared at 38oC to 40oC and 
then refrigerated at 5oC for about 4 hours for gelation. 

 

Fig.1. Gel irradiation for mMLC fields on PRIMUS    
linear accelerator. 

An in-house optical readout system based on Cone beam 
CT (CBCT) principle was used as the readout system for 
reading the dose matrix in the Gel.  This optical CBCT 
setup has a flat green light source, an aquarium with a turn 
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Comparison of Gel and Ion chamber 
Measurements (40mm Cone)
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Fig. 2 Optical cone beam readout for Gel dosimetry 

 
table to hold the gel container and a scientific camera to 

acquire the gel images.  Projection images of the gel were 
obtained for every degree for194o rotation of the gel phan-
tom. The gel was scanned with this optical scanner prior to 
irradiation and the scan was repeated after the irradiation.  
The optical attenuation of the light in the gel was calculated 
and reconstructed to provide cross-sectional images of the 
irradiated gel.    

 
The irradiation setup for the gel and the optical cone 

beam readout system are shown in figures 1 and 2 respec-
tively.   

C. Measurements with GafChromic Films and ion chamber. 

The output factor and beam profiles were measure both 
with ion chamber and GafChromic films.  The ion chamber 
was placed at the point of maximum ionization in water 
phantom and the beam profiles were measured using a ra-
diation field analyzer.  The output factors were also meas-
ured with ion chamber for all the circular collimators and 
small mMLC fields.  The GafChromic film was placed at 
the dose maximum depth in water phantom and was ex-
posed to 3Gy with circular beams of diameter 15mm to 
40mm and  mMLC fields of varying  dimensions from 6 x 6 
mm2 to 36 x 36 mm2. 

III. RESULTS AND DISCUSSION 

 
The output factors measured with Gel were compared 

with those measured with GafChromic film and pin-point 
ion chamber and the results were comparable. 

The beam profiles measured with Gel dosimeter for vari-
ous mMLC fields are shown in figure 3.  The full width at 
half maximum that gives the field size and the penumbra 
values measured from the Gel dosimetry measurements are 
given in Table 1. 

Fig. 3. Beam profile measurements with Gel for mMLC 
fields. 

 

Fig 4. Comparison of beam profile measured with Gel 
and Ion chamber 

The beam profile measured with gel dosimetry for 40cm 
diameter circular cone is compared with the profile obtained 
with the ion chamber in figure 4.  
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Table 1. Field size and penumbra measurement using Gel 

 

 
IV CONCLUSION 

 
The dosimetric results obtained with the Gel dosimeter 

with optical scanning agree with the values obtained with 
pinpoint ion chamber and GafCHromic film.  This indicates 
that Gel dosimetry could be suitable alternative for small 
photon field dosimetry. 
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Field size (mm) Measured Field size 
(FWHM) 

Measured Penumbra 

12 12.5 4mm 
24 24.7 5mm 
40 42 4.2mm 

40(cone) 39 4.25mm 
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Abstract— A methodology is presented how image 
processing algorithms and dose simulation can be used to 
validate the target point correction during a fractionated radi-
otherapy treatment. This concept is intended to support radio-
therapist directly during the treatment course, giving them a 
visual orientation guide to detect and control the variations of 
applied dose compared to the planned one. Our procedure 
includes anatomical variation analysis, re-adaptation of ma-
nual delineation, and simulation of rigid-body target point 
correction as well as dose deposition comparison. The whole 
process is illustrated using two exemplary patient datasets, 
belonging to different tumor location groups. The proposed 
procedure emerges as a helpful supporting tool to accompany 
fractionated radiotherapy treatment using image guidance 
techniques.  

Keywords— fractionated adaptive radiotherapy, target 
point correction, rigid-body registration, positioning evalua-
tion. 

I. INTRODUCTION  

Fractionated radiotherapy is favored nowadays in many 
cases for it is considered to cause fewer normal tissue com-
plications compared to a single-dose therapy approach [1]. 
But apart from the anatomical changes caused by intra-
fractional motion additional uncertainties regarding patient 
positioning are introduced by fractionation of the treatment. 
The required repositioning of the patient between the frac-
tions has to be performed accurately to prevent additional 
smearing of the planned dose distribution. To cope with 
inter-fractional motion several strategies have been devel-
oped to reproduce the patient positioning. Stereotactic regis-
tration methods, for example, correlate current patient posi-
tion to the previous one using markers fixed to the patient 
externally. Another more reliable strategy of target point 
correction uses the current acquired image and therefore 
patient anatomy itself to extract the inter-fractional misa-
lignment provided that the intra-fractional motion is not 
significant in comparison [2]. 

Target point correction is one of the simplest and widely-
used adaptive concepts in fractionated radiotherapy. Its 
usage does not notably prolong or interrupt the running 
treatment course. It is performed directly after the necessary 

image acquisition. The aim is to compensate the current 
patient positioning shifts with respect to the planning situa-
tion. This adjustment is realized by an adequate movement 
of the treatment table if the rotational errors are negligible.  

The quality of this simple correction strategy depends 
strongly on several factors which have to be validated prior 
to adaptation. Since the target point correction only corres-
ponds to a center of gravity transformation of the whole 
patient, the remaining elastic anatomical deformations must 
be analyzed and visualized. Furthermore, the induced dose 
changes especially in terms of organs at risk dose delivery 
and target coverage have to be incorporated into the exami-
nation. Therefore a proper evaluation and estimation me-
thodology for the intended target point correction is needed 
during the treatment course. 

In this paper we present a procedure how to evaluate the 
designated target point correction with regard to its suita-
bility for application to the current patient anatomy. We 
illustrate the generic procedure as well as its exemplary 
application to two patient datasets each belonging to a dif-
ferent group of tumor location.   

II. MATERIALS AND METHODS 

The two patients we use for demonstration of the pre-
sented method belong to a head-and-neck and a paraspinal 
tumor group, respectively. Both were treated with fractio-
nated IMRT and received kV control-CT scans. The resolu-
tion of all acquired CTs was 1x1 mm with a slice thickness 
of 3 mm. The patients were immobilized with a fixation 
device consisting of a scotch-cast torso and head mask. In 
both cases the crucial organ at risk was the spinal cord. 
Treatment plans were generated using the treatment plan-
ning system VIRTUOS [3] developed in-house at DKFZ 
and the inverse planning tool KonRad. The dose re-
calculation is performed by the same pencil beam algorithm 
used in KonRad. 

The target point correction parameters which are to be 
validated are estimated using a mutual-information based 
3D rigid-body registration algorithm [4]. The algorithm uses 
bone as well as soft tissue information, allows searching for 
translations as well as rotations, and can be restricted to a 
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user-defined bounding box. To find the optimal target point 
correction vector the rectangular bounding box is concen-
trated on the vertebral body and is constricted along the 
superior-inferior (z-) axis to the target volume only. 

A. Inspection of occurred anatomical deformation 

To be able to apply the target point correction during the 
therapy it is important to check whether the patient’s anat-
omy movement can be approximately described by a rigid-
body shift and rotation. We analyze the degree of rigidity 
using smaller registration boxes distributed along the patient 
axis, which we expect to be subject to the main deforma-
tion. The positions can be user-defined and will change with 
changing tumor locations. In our two cases the most prob-
lematic reasonable deformation can occur along the z-axis. 
Using the same previously described rigid-body registration 
algorithm, the deviations of those smaller areas of the trans-
formed control-CT – corresponding to the corrected patient 
position – to the planning CT are determined. They reflect 
the remaining elastic deformation which is not covered by 
the rigid target point correction process. If those are small 
the rigidity of the movement is confirmed and therefore the 
target point correction vector can be considered as applica-
ble. 

B. Dose simulation of target point correction 

The rigidity analysis of the structure movements alone 
does not necessarily falsify the suitability of the target point 
correction. In some cases elastic deformations might not 
lead to a dramatic change in the applied dose distribution 
depending on the individual plan e.g. dose gradients and 
their positions with respect to the organ at risk. Here, only 
simulation of the target point correction can estimate the 
differences in dose deposition compared to the planning 
situation.  

This simulation is performed on the basis of the original 
plan and the corresponding fraction control-CT registered to 
the planning-CT. To be able to compare the resulting dose 
distribution to the dose applied without target point correc-
tion the dose calculation for the original non-shifted control-
CT is performed. In this case, the original plan and rea-
dopted volumes of interest are used.  

In case of elastically deformed anatomical changes in the 
spinal cord region the adaptation of its delineation to the 
current control-CT is performed using a quasi-deformable 
registration procedure. The realization is based on a per-
slice 2D rigid-body registration focused to the structure 
itself surrounded by a well-defined border [5]. In case of 
only small or no elastic deformation, the structures were 
adopted corresponding to the resulting transformation of the 

       
 

Fig.1 (a) Workflow of the fractionated treatment procedure and the embedded proposed process for target point correction evaluation. (b) Results for the 
main processing steps for the case of the paraspinal dataset. Upper row: The planning CT with manually delineated volumes of interest as well as the planned 

dose distribution. Middle row: Adaptation of the manual segmentation to the original (left) as well as corrected (right) control-CT. Lower row: Simulated 
dose distribution of uncorrected (left) as well as corrected (right) patient setup. 
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rigid-body registration. Target volume is always only 
shifted and rotated by means of the rigid-body transforma-
tion due to lack of clearly identifiable target volume struc-
ture in the CT modality.  

III. RESULTS 

Our proposed evaluation procedure is presented as a 
flowchart in Figure 1a. The analyzing and simulation pro-
cedures are embedded into the treatment proceeding and are 
highlighted by the frame. An exemplary patient dataset and 
its main processing steps are displayed in Figure 1b. 

The candidate for the target point correction parameters 
is estimated by matching the current fraction control-CT 
with the planning CT. The resulting transferred CT will be 
referred to as corrected CT in following. 

A. Inspection of occurred anatomical deformation 

After retrieving the designated correction parameters for 
target point correction the estimation of the degree of rigidi-
ty of the occurred anatomical deformation can be initialized. 
On the one hand the results can be visualized and support 
the acceptance or rejection of the proposed parameters for 
target point correction. On the other hand they are also 
needed to determine the adaption strategy for the volumes 
of interest which are required for collection and comparison 
of the dose volume histograms.  

The results for the considered exemplary patient datasets 
are presented in Table 1. The corresponding bounding box-
es labeled as Top, Middle, and Bottom for the sub-volume 
registration are distributed along the z-axis. The top box 
includes three upper CT slices containing the target volume. 
Its extent in x and y direction remains constricted to the 
vertebral body. Middle and bottom boxes include three 
middle or lower target slices, respectively. Same algorithm 
is used to match the smaller sub-regions of the corrected CT 
with the planning CT to retrieve the residual deformations. 
But this time the parameter space of the optimization is 
restricted to translations only. Based on the results in Table 
1 we decide to adapt the relevant organ at risk structure – in 
both cases the spinal cord – using the quasi-deformable 
registration technique if the remaining deviations are ob-
viously bigger than the resolution scale of the acquired CTs. 
The rigid-body transformation is applied otherwise.  

 
 

Table 1 Deformation analysis: Remaining translational deviations of the 
smaller sub-regions after simulation of the target point correction. 

Patient 
Top box  

shift [mm] 
( x, y, z) 

Middle box  
shift [mm] 

( x, y, z) 

Bottom box  
shift [mm] 

( x, y, z) 

Head & neck (-0.2, -1.2, -0.4) (-0.3, 1.5, -1.2) (-0.2, -2.3, -0.7) 

Paraspinal (0.3, 0.6, -1.0) (0.4, -0.4, -1.0) (-0.3, 0.1, -0.8) 

B. Dose simulation of target point correction 

After the analysis of anatomical changes and the adaption 
of the considered volume of interest delineations to the 
current patient position, dose simulation and comparison 
can be performed. 

On the one hand we receive the dose distribution of the 
not corrected situation using the control-CT and recently 
adapted outlines of the anatomy. On the other hand we 
obtain the simulated dose distribution after performing the 
intended target point correction. In this case the original 
plan is applied to the transformed control-CT simulating the 
target point correction combined with the original manual 
segmentation.  

The resulting dose cubes as well as the dose volume his-
tograms can be viewed and examined in the planning sys-
tem VIRTUOS. The dose volume histograms - exemplary 
for the head-and-neck patient dataset - are shown in Figure 
2. The curves corresponding to the corrected setup are hig-
hlighted by dotted, the uncorrected by dashed, and the 
planned ones by solid lines. In Table 2 the comparison of 
some resulting values for both of our datasets is summa-
rized. For the spinal cord – as serial organ – the maximum 
detected dose is depicted in all three cases: during the plan-
ning situation, before and after performing the target point 
correction during the fraction. Furthermore, the fractional 
volumes of the target which have received 70% and 90% of 
the applied dose fraction normalized to the prescribed dose 
are shown.  

 Table 2 Comparison of the exemplary dose distribution parameters before 
and after target point correction. 

Head & neck planning 
situation 

non-
corrected  

target point 
corrected  

Max. dose at spinal cord [Gy] 42.8 42.8 37.2 

Target coverage (70%) 0.995 0.996 0.981 

Target coverage (90% ) 0.33 0.41 0.39 

Paraspinal planning 
situation 

non-
corrected  

target point 
corrected  

Max. dose at spinal cord [Gy] 43.5 54.0 44.9 

Target coverage (70%) 0.983 0.969 0.983 

Target coverage (90%) 0.567 0.564 0.564 
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IV. DISCUSSION 

The methodology we presented works on a per-fraction 
basis. This means no dose summation over all fractions is 
performed. This extension will require a reliable and above 
all fast elastic registration algorithm to track all deforma-
tions as well as an exhaustive imaging during the treatment 
course. Even in that case the smearing due to intra-
fractional motion will remain uncovered. Furthermore, it 
should be noted that in case of strong elastic deformation 
the target coverage cannot be described by a rigid-body 
transformation. Here again elastic registration techniques 
can be used to adapt the target volume to the deformed 
anatomy. But the question about tumor development be-
tween the image-based checkpoints will still remain open 
due to lack of target signal in CTs.   

Nevertheless, our fraction-based approach works well as 
supporting tool to maintain the running treatment and vali-
date patient positioning. As can be seen from our exemplary 
patient datasets the intended target point correction parame-
ters could be validated or dismissed. In case of the paras-
pinal tumor data the rigidity of the occurred anatomical 
change could be confirmed. The execution of the intended 
correction could spare the spinal cord from overdosage 
induced by the inter-fractional shift. In case of the head-
and-neck tumor patient the misalignment was slightly de-
formed along the superior-inferior axis without causing an 
excess of the maximum allowed dose for the organ at risk. 
The proposed target point correction would lead to a slight 
relief of the spinal cord dose exposure. But the price to pay 
is a reduced conformity of the planned dose distribution in 

the target region. For this patient the adaption due to the 
target point correction parameters is not justified. 

One arising question in this context is the deduction of 
well-defined action levels to be able to define standard 
operating procedures. But surely the answer will vary case 
by case. Thorough evaluations for the considered patient 
cohort, used fixation devices, and planning protocols are 
required to approach the solution. The presented methodol-
ogy based on image processing algorithms can also be ap-
plied retrospectively to such cohort studies to clarify some 
of the aspects belonging to the complex of problems. Others 
have to be discussed and studied in relation with trade-offs 
in terms of dose delivery and safety margin definition. Our 
presented approach leaves the final decision to the therapists 
supporting, monitoring, and recording the treatment course 
for each individual patient.  

To sum up, we developed a supporting method for moni-
toring of dose delivery variance in adaptive fractionated 
radiotherapy induced by inter-fractional motion and its 
partial compensation by target point correction.  

V. CONCLUSIONS 

The presented procedure based on image processing al-
gorithms and dose simulation offers a promising approach 
to support the therapists during image guided radiotherapy. 
The application of such a methodology makes it easier to 
keep control of dose delivery during the fractionated treat-
ment course. 
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Fig.2 Comparison of the dose volume histograms of the spinal cord (grey) 
and the target volume (black). Solid lines represent the planned situation, 
dashed ones the situation during the current fraction, and dotted lines the 

corrected situation for both volumes of interest. 
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Abstract In this paper a published Bayesian method is 
used retrospectively to estimate patient specific errors and 
margins for 470 prostate cancer patients after 5 fractions. 
The obtained margins show a small spread, with significantly 
larger margins for a small number of patients. These patient 
specific margins were compared with generic margins. Spe-
cific margins improve dose coverage but the difference with 
generic margins is small. The amount of patients that receive 
more than 90% dose to the CTV increases with 1%,  while 
2% of patients show 5% or more improvement in dose. We 
conclude that the Bayesian method is capable of generating 
correct patient specific margins but that the gain is small. 

Keywords Radiotherapy, patient specific margins, Bayesian 
statistics, correction strategy. 

I. INTRODUCTION  

It is often assumed that geometric error distributions in 
radiotherapy differ from patient to patient. It is however, 
problematic to substantiate this assumption because, gener-
ally, limited measurements are available per patient, giving 
a high uncertainty in the estimate of the standard deviation 
(SD) of the day to day variation. This is especially a prob-
lem when the data of the individual patient is used to deter-
mine patient specific margins. Such a refinement of the 
margin (by redoing the treatment plan after a number of 
fractions is delivered) is referred to as adaptive radiotherapy 
(ART). It is generally considered optimal in fractionated 
radiotherapy to adapt the treatment at around 5 fractions for 
a conventional scheme of 30-40 fractions [1]. The aims of 
this paper are 1) to implement a correct way of integrating 
patient specific information as collected during the first few 
fractions into the margin design; 2) to test this scheme on 
realistic patient data and determine the range of determined 
margins; and 3) to test the efficiency of the obtained patient 
specific margins compared with generic (population) mar-
gins in terms of dose coverage of the tumor during the frac-
tions not used for margin design (predictive power). 

II. MATERIAL AND METHODS 

To test the method for a very large patient group, bony 
setup error data of 470 prostate cancer patients (treated 
between 2002 and 2005) are used that were obtained using 

electronic portal imaging. Using AP and lateral images, 
displacements in LR (x), SI(y) and AP(z) directions were 
determined. The images were used in a shrinking action 
level setup error correction protocol, combining 2 or more 
measurements in the first week, with weekly imaging after-
wards [2]. On average, 11 fractions were imaged. To obtain 
clean population data, error data was corrected retrospec-
tively to remove all executed couch shifts. 

The data was analyzed in terms of systematic error 
( ), random error ( ) and population mean (M). The sys-
tematic error was estimated as the SD of the mean per pa-
tient, the random error as the RMS (root mean square) of 
the SD per patient, and the population mean as the mean of 
means. Also the standard deviation of the 470 standard 
deviations per patient was determined (SDSD). It was as-
sumed that there were no time trends (no significant trends 
were detected in individual patients). 

.Estimating the SD using a limited number of samples 
gives a large estimation error (the estimated SD deviates 
from the true according to a 2 distribution). For 11 sam-
ples, the estimation error in the SD is 18% of the true . By 
correcting the measured SDSD for this uncertainty, the true 
inter-patient variability of is determined, which will be 
referred to as . 

To obtain a correct estimate of the required margin after 
5 fractions, the Bayesian methodology as set out by Lam et 
al is used [3, 4]. In this method, the initial estimate of , 
and are derived from population statistics. As more data 
(fractions) are added, estimates of the mean setup error, , 
and are refined. The method in essence blends popula-
tion and individual data according to their relative uncer-
tainty. While the initial uncertainty parameters describe 
population statistics, the updated values give estimates of 
the patient specific values of the mean and and uncertain-
ties therein ( and ). After 5 fractions, the setup error is 
corrected by subtracting the estimated mean of the setup 
errors of fractions 6-11. The uncertainty values after 5 frac-
tions are input into the (non-simplified) margin recipe as 
described by van Herk et al. [5], aiming at 95% minimum 
dose coverage for 90% of the patients. The penumbra is 
described by a Gaussian profile with a p of 3.2 mm. One 
novel refinement is made. The uncertainty in the estimate of 

causes an uncertainty in the dose blurring that can be 
considered as an extra systematic error. This error is incor-
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porated by adding in quadrature to (the correctness of 
this approach was validated numerically but data will not 
be shown in this paper). 

To test the efficiency of the obtained margins, the cor-
rected setup errors where applied to a simulated ideal dose 
distribution generated using the patient specific margins and 
a p of 3.2 mm, and the loss of dose coverage was estimated 
for the fractions that were not used for correction and mar-
gin design. To compare the obtained coverage in a fair way 
with a generic approach the margins as defined by the 
Bayesian method were averaged and then applied to all 
patients. This procedure assures equivalence of the generic 
and patient specific margins in terms of sparing of nearby 
normal structures, thereby comparing only the predictive 
power of both margin methods. The tests were performed 
for actual patient data and artificial data generated with an 
accurate random generator for normal distributions.  

III. RESULTS AND DISCUSSION 

Table 1 shows the population statistics derived from the 
setup error data of the 470 prostate cancer patients. The 
errors are quite small, probably because of the long-
standing use of portal imaging in our department that has a 
positive influence on the skill of the technicians setting up 
the patients. Table 2 shows the results of the estimation 
procedure for .    

Table 1 Measured setup errors for 470 prostate cancer patients. 
=SD of systematic errors, =RMS of SD of random errors per patients, 

M=overall mean, SDSD=SD of SD for 470 patients 

N=470
(mm) (mm)

M 
 (mm) 

SDSD
 (mm) 

X (LR) 2.5 1.8 0.2 0.7 
Y (SI) 1.5 1.1 0.4 0.4 
Z (AP) 2.3 1.6 0.6 0.5 

Table 2 Estimation of the true inter-patient variability of . The 
relative estimation error depends purely on the number of samples. After 
correcting for the estimation error, the true inter-patient variability of is 
found 

N=470 SDSD 
(mm) 

SD estimation 
error, 11 samples 

(mm) 

(mm) 

X (LR) 0.7 0.4 0.5 
Y (SI) 0.4 0.3 0.3 
Z (AP) 0.5 0.4 0.4 

The true inter-patient variability is about 26% of . The 
data collected in tables 1 and 2 is used in combination with 

patient specific data of fractions 1-5 to estimate patient-
specific margins. The observed margin distribution (the L-R 
direction is shown as example), is given in Fig.1. One 
should note that these margins are for bony setup error only 
and are therefore not realistic for clinical practice, where 
also organ motion, target volume definition uncertainty, and 
intra-fraction motion must be considered. However, they 
suffice for testing the Bayesian approach. 

0                           margin 10

Fr
eq

ue
nc

y 

0                           margin 10

Fr
eq

ue
nc

y 
Fig. 1 Distribution of the patient specific margins obtained for the L-R axis 

of bony setup error of 470 prostate cancer patients 

One can observe a fairly narrow distribution of margins, 
with a small number of patients having much larger margins. 
This finding is consistent with the large uncertainty in the 
estimated SD with only a few samples: with 5 samples the 
95% confidence interval for the estimated SD runs from 0.3 
to 1.6 times the actual [6]. Therefore only those patients 
that show extreme setup error fluctuations in the first five 
fractions receive a larger patient specific margin.  

M
0         2

x
0         4 0      0.6-6       6-6       6

M
0         2

x
0         4 0      0.6-6       6-6       6 

Fig. 2 Graphical representation of the estimates for patient specific errors 
according to the Bayesian approach (the grey value indicates the estimated 
values as function of time, left to right). Note the large correlation between 

the estimates of ,  and 
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Figure 2 shows a graphical representation of estimated 
patient specific data for the imaged fractions for the first 20 
patients. The images show a fast reduction in in time due 
to averaging of setup data. One can also see that estimates 
of and blend between population data (left) and patient 
specific data (right). It is also obvious that the estimates of 

,  and  are highly correlated.  
The 95% dose coverage with simulated data and patient 

specific margins is 90%, i.e., for 90% of patients the mini-
mum cumulative dose to the CTV is 95% or more. This 
amount corresponds with the preset margin requirements, 
validating correct application of the margin recipe. With 
generic margins, the coverage reduces to 89%. This means 
that for simulated distributions only 1% patients benefit of 
specific margins given the observed setup error distributions 
(with a  of 26%).  

With the actual patient data, the coverage at the 95% 
isodose is poorer: 80% with patient specific margins and 
77% with generic margins. The poorer performance with 
actual patient data is very likely due to small time trends 
that are not modeled. A correction after 5 fractions drasti-
cally reduces systematic error leaving only very small mar-
gins, so any time trend will lead to some coverage loss. 
However, the 90% dose coverage is still reached for 93% of 
the patients, and generic margins reduce this amount to 92%. 

Pair-wise analysis of the minimum cumulative dose for 
specific and generic margins shows that, on average, the 
dose coverage is identical (0.2% difference). We found that 
9 out of 470 patients benefit significantly from the patient 
specific margins: for them the minimum cumulative dose 
increased by 5% or more. For one out of 470 patients, the 
specific margin reduces the minimum cumulative dose by 
5% or more. 

In summary, this paper shows a modest benefit of patient 
specific margins based on simulated and real patient data. 
The Bayesian statistical method is an elegant way to com-
bine population and patient specific data. Other adaptive 
regimes such as or-ing delineated targets or using an ITV 
may provide less stable estimates and have a lower gain. 
The small gain of patient specific margins found in this 
study, suggests that generic margins in combination with a 
mean target will be almost identical in terms of coverage as 
patient specific generated margins. Indeed this behavior was 
previously observed for prostate ART [7]. 

IV. CONCLUSIONS  

Inter-patient distribution variability exists, even though it 
is difficult to detect for individual patients. This inter-

patient variability and/or uncertainty in the patient-specific 
slightly increases margin requirements because the un-

known level of dose blurring causes a systematic displace-
ment of isodose lines in the cumulative dose. 

One should be careful when basing margins on SD 
measurements in individual patients because of the large 
uncertainty in the estimate of the SD. The Bayesian ap-
proach incorporates this uncertainty by heavily weighting 
population data in favor of the patient specific data.  

For the tested correction approach after 5 fractions, the 
given uncertainty distributions, patient specific margins 
have a modest benefit for most patients. Only 1-2% of pa-
tients show a significant benefit. 
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Abstract—Conformal radiation of moving target volumes is 
a challenging task in radiotherapy. The uncertainty about the 
actual location forces the definition of large security margins, 
especially for target volumes in the lung or near diaphragm. 
Gating is one strategy to overcome these limitations but needs 
a reliable estimation about the target position. Currently most 
approaches try to estimate the position by recording external 
signals like changes of the circumference of the belly. Since 
there is no clear relationship between those external signals 
and the position of the tumor, we try to establish an image 
guided approach where the moving tissue is observed by 
fluoroscopic imaging during treatment. We demonstrate the 
prototype of the system which can be used to assure correct 
patient setup and to observe organ motion. To limit additional 
dose for imaging the imaging system is combined with a con-
ventionally acquired external breathing signal which triggers 
image acquisition and latter one controls the gating window. 
Since image processing is more complex, the challenge is to 
perform necessary analysis in a sufficiently short time. First 
experiments have already shown that this task could be done 
in some few ms, if an analysis can be restricted to a reasonable 
part (256*256) of the acquired images (1024*1024). The devel-
oped system integrates all essential adaptive processes to estab-
lish a real time respiratory gated radiotherapy combining an 
external respiratory signal with an image-based approach. 

Keywords—respiratory gating, intrafractional motion, im-
age-based motion detection. 

I. INTRODUCTION  

Possible differences between the tumor location deter-
mined based on static CT scans acquired at planning time 
and its position during treatment force expansion of clinical 
target volume by definition of security margins [1]. This 
approach often results in a higher dose delivery to normal 
tissue and a lowered dose in the target volume.  

Adaptive strategies try to detect variations of the pa-
tient’s anatomy and feed back corrections to the treatment 
unit. Tracking targets with implanted fiducial markers in the 
lung is not widely used due to risk of pneumothorax [2]. 
External respiratory signals are easy to acquire but their 
shortcomings are the uncertain correlation between the 
recorded external surrogate signals and the actually hap-
pened internal tumor motion [3]. These shortcomings could 

be vanquished if it is possible to establish a good correlation 
to the internal motion.  

By the use of a flat panel imager (FPI) and matching al-
gorithms, interfractional motion can be corrected directly 
before treatment just by moving the couch. Afterwards the 
FPI can be used to detect and quantify automatically sig-
nificant intrafractional motion [4].   

In this work we present a system which combines an ex-
ternal respiratory signal with a proven and fast image regis-
tration method [5]. The implemented system can be used to 
assure correct patient setup and to detect tumor motion 
during treatment and to control the gate. This contribution is 
focused on the question how to integrate different motion 
detection methods in one operative system under the given 
time constraints. 

II. MATERIALS AND METHODS 

A. Possible Motion Management Techniques 

Adaptive radiotherapy covers detection and correction of 
deviations from the situation defined by the planning CT. 

Interfractional motion is the spatial variation of therapy 
relevant structures between fractions. Adaption is done by 
translating and/or rotating the patient before therapy starts.  

Change in tumor position during treatment is called intra-
fractional motion. Since higher tumor control rates are ex-
pected [6], if radiation can be concentrated to the tumor, 
variations must be detected online and corrected in a feed-
back loop in the treatment process [7]. 

Detected intrafractional motion may be compensated ei-
ther by a gating or tracking mechanism. Gating means 
switching the beam off, if the target volume is moving out-
side the beam and switching the beam on again, if it has 
returned to its planned position. Tracking adapts the beam 
to the tumor position by following its movements. In this 
work the gating approach is implemented. 

B. Respiratory Motion Detection 

Two groups of respiratory detection methods are dis-
cussed: External methods and image-based methods. 
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Systems recording external surrogate signals are non-
invasive and mostly easy to implement. Their disadvantage 
is the uncertainty between detected external surrogate sig-
nals and the internal motion of the tumor. The selected 
external system, the ANZAI HW Respiratory Gating Sys-
tem measures variations in abdominal girth (ANZAI data), 
collected by a “load cell”, that is fixed with a waist belt. 

FPIs, with frame rates about 15 frames per second [8], 
provide a facility to visualize patients’ internal motion dur-
ing their treatment. The inline FPI is mounted at the gantry 
directly below the collimator.  

Our image-based approach of motion detection is using 
the variation in similarity between images recorded during 
respiration. Thus a normalized Mutual Information (MI) 
value, calculated between a reference image and other 
fluoroscopic images, quantifies occurred motion. In a feasi-
bility study it was shown that the performance of this image 
processing method is fast enough and that its results are 
reproducible [5]. Since continuously acquisition of fluoro-
scopic images during treatment will increase dose in healthy 
tissue a strategy, which minimizes this side effect, is  
desirable. 

C. Concept 

Errors in patient setup position are calculated by match-
ing digital reconstructed radiographs (DRRs) calculated on 
the planning CT with two orthogonal X-ray images, ac-
quired before treatment. If necessary, setup errors can be 
corrected by moving the couch and verified by repeating the 
match. 

After verifying the patient’s position, a training set of 
continuously recorded fluoroscopic images is collected and 
combined with the external respiratory signal for 3-4 breath-
ing cycles. On the diagram of Fig.1 MI values of the train-
ing set are superimposed onto the curve representing the 
signal acquired with the ANZAI system. The similarity 
between the single images of the training set and one refer-
ence image (acquired at max. inhale or max. exhale) can be 
used to characterize the deviation from the reference image. 
Based on the observed motion of the target in the images a 
gating window can be parameterized by the corresponding 
similarity values.  

The similarity value, calculated between the reference 
image and images acquired during therapy, allows a classi-
fication of the images and relocation in the training set. This 
way it can be determined whether the current situation is 
inside or outside of the gating window.  

Since similarity values and values of the ANZAI system 
are showing a fine correlation, the ANZAI signal is used to 
trigger image acquisition. This way it is not necessary to 
acquire continuously fluoroscopic images but only, if the 

ANZAI signal let expect that the defined borders of the gate 
are reached. The similarity values calculated on the images 
will then open or close the gate.  

III. RESULTS 

Since there is limited training data during development of 
the system, the functionality of the respiratory gating sys-
tem is complemented with a therapy simulation and a simu-
lation of the gating mechanism. That means the system is 
connected with a network device which simulates the trans-
fer of patient data. 

A. Generation of the Gating Signal 

According to the presented concept, the patient set-up is 
performed and the gating window is defined by ANZAI and 
MI thresholds. The generation of the gating signal is simu-
lated in the system’s therapy mode (Fig. 2). The curve, 
representing the signal acquired with the ANZAI system, 
demonstrates the respiratory pattern since it is recorded 
during the entire treatment. MI values appear on the scene 
at rare intervals when the beam is switched on or off. Ac-
cording to a mixed threshold strategy, fluoroscopic images 
are only acquired when the external signal exceeds/falls 
below its lower/upper threshold. The question whether the 
tumor is inside or outside the gating window is determined 
by comparing the actual MI value with the MI threshold. 
Fluoroscopic images are requested until the MI threshold is 
reached, to minimize additional dose for imaging. 

Fig. 1 Training set: MI values (reference image at max. inhale) are plotted
as gray triangles. The ANZAI signal is represented in a curve of black 
triangles 
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B. Visualization of Motion Effects 

The MI values depend on the area selected for calculating 
the similarity. In Fig. 3 two courses are displayed. While 
they are clearly different, they are showing the same behav-
ior. The pronounced motion in an artificially defined ROI 
near the diaphragm is documented by sharper peaks and a 
larger oscillation in the MI values compared to the MI values 
calculated for the tumor region where the extent of motion is 
reduced [9]. Appropriate tools are implemented to define the 
ROIs in which the similarity values should be calculated.  

 
Fig. 3 Effects of different motion patterns on the Mutual Information value 
(reference image at max. exhale) 

C. Performance Test 

Table 1 demonstrates the results of a performance ex-
periment of the system performed with different ROI sizes. 

Tests were executed on a PC with a Core2Duo Processor 
with 3.33 GHz.  

The transfer of the fluoroscopic image via a network 
connection needs 20 to 23 ms. Time for calculating MI 
values depends linearly on the number of pixels and can be 
decreased from 34 ms to 4 ms if the ROI, in which the val-
ues are calculated, are reduced from 1024*1024 to 256*256 
pixels. Since the generation of the gating signal is a simple 
threshold comparison, it takes very little time (< 1 ms). The 
time required for converting the fluoroscopic image to a 
format, manageable by the user interface, is 13 ms. Summed 
up the time needed for image processing can be kept be-
tween 39 to 69 ms. The reduction of the ROI size to a quar-
ter of the image area leads to a gain of 26 ms in time 
whereas another quarter of this area results only in an addi-
tional gain of 4 ms.  

 

Table 1  Performance for image processing in dependence of ROI size 

size of ROI 
[pixel * pixel] 

transfer MI 
calculation 

visual dis-
play 

total time 

1024 * 1024 21 ms 34 ms 13 ms 69 ms 
870 * 870 23 ms 24 ms 13 ms 61 ms 
512 * 512 20 ms 10 ms 13 ms 43 ms 
256 * 256 23 ms 4 ms 13 ms 39 ms 

IV. DISCUSSION 

The implemented system compromises the functionality 
to correct patient’s set-up position online by registration of 
DRRs with online acquired images of the FPI. We realized 
detection of intrafractional motion without fiducial markers. 
Detected movements of the tumor can be compensated with 
a gating mechanism, combining information of external 
signals and image information. This way the system should 
allow a better conformity of the applied dose to the shape of 
movable target volumes. Since the build-up of the complete 
system is not finished, evaluation with a larger number of 
patients is still an open issue.  

The combination of the external respiratory signal and 
the image-based method allows a non-invasive method for 
intrafractional motion detection. The compensation of respi-
ratory induced motion is carried out by the gating mecha-
nism. The system shows a possibility to fix the shortcoming 
of the external respiratory system by enhancing it with an 
image-based approach. Additional dose for recording 
fluoroscopic images is minimized by requesting images 
exclusively if the ANZAI signal converges to definable 
thresholds. 

The sensibility of the image processing method to the 
motion in the selected ROI can be used to focus on the  

Fig. 2 Therapy mode: MI values (reference image at max. inhale) are 
dotted as gray triangles. Respiratory pattern is represented in the shape of 
the ANZAI curve (line with small black triangles). Sections when beam is 
switch on are marked with gray bars 
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motion of the tumor. Motion detection is limited by the two-
dimensional images of the FPI. Thus only motion orthogo-
nal to the beam direction can be detected, but since the FPI 
is mounted below the collimator this is the relevant direc-
tion since it can be clearly decided whether the target  
volume is enclosed by the beam.  

The movement of the tumor, defined by the external sig-
nal and MI values, can be verified visually by comparing 
the values of the training set with the corresponding fluoro-
scopic images. The comparison allows the verification of 
the customized thresholds of the gating window plus the 
verification of correlation of external signals with the  
internal motion and prevents incorrect generation of gating 
signals. 

High performance of the system is an essential condition 
to adapt to upcoming motion in real time. Measurements 
have shown that the implemented strategy is sufficiently 
fast. Assuming a ROI with 512*512 pixels the system is fast 
enough to cope with a rate up to 20 frames per second. The 
gain in performance possible by an additional reduction of 
the ROI size is relatively small compared to the static over-
head caused by transfer and display of the data.  

V. CONCLUSION 

Advances in precision of modern radiotherapy techniques 
intensify the need of target volume localization during the 
treatment. The developed system integrates all essential 
adaptive processes from patient set-up to generation of 
gating signals to establish real time respiratory gated radio-
therapy combining external respiratory signals with an im-
age-based approach. 
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Abstract—In our previous studies, we have reported on the 
methodology and feasibility of respiration gated radiother-
apy, to reduce margins and lower side effects. A prerequisite 
for planning gated radiotherapy is a 4D CT. Using a motor-
ized phantom for regular motion pattern we worked out a 
quality assurance procedure to take into account the special 
features for moving objects in a 4D CT. In this study, we 
expand our investigation to address the problem of irregular 
motion in CT imaging. A 4D CT acquisition was performed 
using a "step-and-shoot" technique, in which computed to-
mography (CT) projection data were acquired over a com-
plete respiratory cycle at each coach position. 4D CT data 
were then sorted into 10 groups, according to their corre-
sponding phase of the breathing cycle. The effect of motion 
on automatic contouring the patient outline and target vol-
ume and the volume change were investigated. Also the influ-
ences of regular motion pattern and patient individual respi-
ratory trace on the clinical target volume were compared. 
The use of respiratory gating will potentially improve radio-
therapy outcomes by allowing reduced treatment margins. 
Treating patients using gating requires several clinical deci-
sions on the basis of exact information's about the internal 
target motion and the correlation to an external surrogator. 
Therefore knowledge how an irregular respiration pattern 
under gating conditions influences target size and shape are 
of extraordinary importance.  

Keywords—4D CT, respiration gated radiotherapy. 

I. INTRODUCTION  

Improvements in the accuracy of diagnostic imaging 
techniques can have an important impact in delineating 
malignant structures within the lung and upper abdominal 
regions and monitoring tumor response to therapy. This is 
especially critical in radiotherapy, where the accurate defi-
nition of the tumor volume and position determines the 
radiation treatment fields and the volume of irradiated lung. 
Computed tomography (CT) is the most common imaging 
technique for providing anatomical information on the size 
and location of tumors in the body and is the physical basis 
for the therapy planning system. However, fast spiral CT 
scans generate random 'snapshot' positions of both target 
volumes and normal tissues and the dose calculation in such 

static models are unlikely to represent the actual dose distri-
bution [1], [2].  

Various methods of CT acquisition have been developed 
that produce three-dimensional image sets at multiple 
phases [3], [4]. Because the time is included this approach is 
called 4D CT. 4D CT scans generate spatial and temporal 
information on mobility in a single investigation and repre-
sent a major breakthrough in imaging for radiotherapy plan-
ning. In this technique described as retrospective gating, 
multiple CT slices are required at all phases of the respira-
tory cycle while simultaneously recording respiration and 
then retrospectively correlated the CT images with phase 
[5]. The use of 4D CT is an improved technique for generat-
ing internal target volumes (ITV) for peripheral lung tumors 
[6], [7]. 

In a 4D CT the lesion is smeared and the Hounsfield 
Units are decreased or increased in comparison with a con-
ventional CT, depending whether the surrounding has a 
higher or less density.   

Respiratory Gating permits a reduction in field sizes, be-
cause irradiation can be limited to phases in which the mo-
bile target volume is in a predetermined position. Gating 
can be performed at any stage of the breathing cycle, how-
ever at inhale or exhale the mobility of internal anatomy is 
at its minimum and therefore gating should performed about 
the minimum or maximum point of motion  [8],[9]. 

In this study we have investigated the differences of 
regular and irregular motion pattern in their effect on target 
contour and volume. Furthermore we consider the influence 
of gating to the above points. 

II. METHOD AND MATERIAL 

A. 4D CT Scanning Procedure 

The 4D CT scanning procedure is described in another 
paper submitted to this conference [10]. 

B. Motorized Table and Density Phantom 

For the motion simulation we used the MapCHECK 
XY/4DTM table (Sun Nuclear Corporation, Melbourne, FL, 
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U.S.A.) which mimics a patient specific respiratory trace. 
The movement is programmable and includes a respiratory 
gating box as a signal provider to gate beam delivery or to 
perform a 4D CT. For CT use we build a wooden extension 
to place the CT QA phantom "Mindways" (Fig. 1).   

 
Fig. 1  Experimental set up with the motorized table MapCHECK XY and 
the CT QA phantom 

C. Motion Pattern 

The measurements were performed using two different 
motion patterns, one regular triangle profile (Fig. 2a) with 
an amplitude of 2 cm and a real patient (66 years old male 
with T2 lung cancer) individual respiration curve (Fig. 2b). 

 
Fig. 2a Triangle motion profile 
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Fig. 2b Real patient individual respiration curve 

With these motion patterns the motorized table was 
moved into longitudinal as well as lateral direction during 
CT scanning. 

D. Volume Contouring 

For the study of the geometric and volume dependency 
on movement we used our therapy planning system Helax 
TMS. The contouring was automatically effected. For the 
outlining we chose the Hounsfield Unit (HU) threshold -800 
to 0 and for contouring of the clinical target volume (CTV) 
HU threshold of 0 to 1000. The planning target volume 
(PTV) was generated by margining the CTV with 5 mm. 

III. RESULTS 

A. Influence of the Regular Motion on Geometry  

  
Fig.  3  The QA phantom (transversal orientation) in lateral direction. Left 
side: the motionless phantom. Right side: phantom in regular motion 

As expected, the outline as well as the CTV and PTV 
shows smearing effects in motion direction and therefore 
the volume is increasing on all three sides. The smearing 
effects are due to less residence near the turning points; 
therefore the density there is much lower. 

 
Fig.  4a The QA phantom (coronal orientation) in longitudinal direction of 
the motionless phantom 

 
Fig.  4b The QA phantom (coronal orientation) in longitudinal direction of 
the regular motion phantom (motion direction from the bottom to the top 
and vice versa) 
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Keep in mind that the spatial resolution in longitudinal 
direction is lower than in lateral direction because of the 
slice thickness of 2.5 mm a structure would be figured even 
if it only touched one subsidiarity.  

B. Comparison of Regular Motion Pattern and  Patient 
Individual Respiration Curve 

In figures 5a and 5b, the influences of the regular and ir-
regular motion patterns on geometry are compared (in cor-
onal orientation). Less surprising is that in the 4D CT scan 
of the regular motion pattern the above mentioned smearing 
effect can also be recognized.  

 
Fig. 5a The QA phantom (coronal orientation) in lateral direction of the 
regular motion phantom (motion direction from the left to the right and 
vice versa) 

 
Fig. 5b The QA phantom (coronal orientation) in lateral direction of the 
irregular motion phantom (motion direction from the left to the right and 
vice versa) 

However the individual patient curve shows an irregular 
shaped contour at one turning point of motion (inspiration). 
This is due to the fact that the amplitudes of this respiration 
curve have a wide variety, which is very common for respi-
ration. The shape is stepwise with a width of 1 cm. This 
relates to the slice thickness of 1 cm. It is to mention that 
the 4D CT always stays at one coach position during one 
respiration cycle, so structures with extensions of more than 
1 cm are scanned in 1 cm (4i, 2.5 mm) slices. Because of 
the different amplitudes for different respiration cycles the 
track of the structure differs from the coach position.  

C. Comparison of Irregular Motion Pattern with and 
without Gating. 

To study the effects of gating on size and volume of 
movable targets we set different gating windows in the 
inspiration phase. 40% phase means that the window opens 

for 40 % of the phase i.e. in the case of inspiration gating 
each amplitude wing is 20 % of the whole amplitude, the 
10% phase is the right wing of the amplitude. 

Table 1 Target volume and extension dependence of motion pattern  

Motion 
Profile 

Outline PTV CTV PTV 
long. 

extens.

 

Direction 
of 
movement

Gated 
motion 
(phases) 

[cm³] [cm³] [cm³] [cm] 

no motion - - 2775 86 50 4.75 
Triangle lat. 100% 2883 118 70 4.75 
Patient lat. - 2947 118 68 4.75 
Patient lat. 100% 3028 120 69 4.75 
Patient lat. 40% 2791 102 60 4.50 
Patient lat. 10% 2894 104 57 4.75 
Triangle long. 100% 3184 81 41 4.75 
Patient long. - 3358 69 33 4.00 
Patient long. 100% 3350 72 35 4.50 
Patient long. 40% 2901 87 44 5.00 
Patient long. 10% 2785 85 46 4.75 

For the real patient individual respiration curve in longi-
tudinal direction no shrinkage of the target extension and 
volume could be observed within the resolution limits. This 
is due to the poor spatial resolution in this direction of 2.5 
mm and the binary situation of the density contributions to 
each slice. 

 
Fig.  6a The QA phantom (coronal orientation) in longitudinal direction of 
the irregular motion phantom 

 
Fig.  6b The QA phantom (coronal orientation) in longitudinal direction of 
the irregular motion phantom with gating (gating window 10%) 
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In Fig 6a the track of target extension is well visible 
however the automatically contouring operated with the 
Hounsfield Unit threshold. Because of the stepwise density 
course no real difference for the ungated and gated situation 
could be found.  

The situation for the lateral direction is much more in-
formative, because of the higher spatial resolution (0.97 
mm). As mentioned above we observed irregular shaped 
contour at the right side of the target for motion with real 
patient individual respiration curve (Fig. 7a). A setting gat-
ing window at inspiration phase mirrored nearly the irregu-
lar shaped contour of the right side to the left side (Fig. 7b). 
This is due to the wide variety of amplitudes high in the 
inspiration phase which is within the small gating window 
noticeable for the second turning point also. For a regular 
motion pattern we couldn't observe such irregular shaped 
contours neither without nor with gating.   

This interesting finding demonstrates that respiration in-
duced changes in the target shape should including for the 
determination of the parameters for respiration-gated radio-
therapy. For a patient with this respiration curve one should 
prefer gating in the expiration phase because of the smaller 
variation in amplitude height.  

 
Fig.  7a The QA phantom (coronal orientation) in lateral direction of the 
irregular motion phantom 

 
Fig.  7b The QA phantom (coronal orientation) in lateral direction of the 
irregular motion phantom with gating (gating window 10%) 

IV. CONCLUSIONS 

The motorized phantom MapCHECK XY allows simu-
lating irregular motion patterns into two space directions. 
We were able to demonstrate that the geometric effects, 
both volume and shape, are very different when comparing 
regular and irregular motion patterns. Under gating  

conditions additional effects concerning the contour shape 
occurred. We will do further research on that subject.  
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Abstract— The objective of this work was to compare US 
and MV-CBCT localization data and to assess whether treat-
ment margins could be safely reduced in the absence of daily 
localization, based on the systematic ( ) and random ( ) inter-
fractional variations observed with US and MV-CBCT. Daily 
volumetric US and CBCT images were acquired for 18 and 19 
consecutive IMRT patients, respectively, totaling 565 and 615 
couch-shifts. To account for variations in the patients’ anato-
my and position, couch-shifts were applied in the LR, AP, and 
SI directions. Shift data,  errors in 3 directions were 
compared. CTV-to-PTV margins were derived using the for-
mula, 2 .  Shifts from US vs. CB (in mm) were: LR, 

0.4±5.21 vs. 0.54±3.38; AP, 0.28±6.62 vs. 0.50±5.24; SI, 
0.38±5.88 vs. 0.67±3.0. The mean 3D shift distance was 

smaller using CB (5.82±3.87 mm vs. 8.29±6.09 mm) (p-value < 
0. lues of 4.19 mm and 5.03 mm were calculated 
from the US data, yielding a margin of 11.89 
values of 4.09 mm and 3.25 mm were calculated from the CB 
data, yielding a margin of 10.46 mm. Results show that a 1.0-
1.2 cm CTV-to-PTV expansion margin can be used, compared 
to a generic margin of 1.5-2.0 cm. Data suggest that interfrac-
tional variations do not affect target coverage if a margin of 
1.0-1.2 cm is used, even in the absence of daily localization. The 
margin can be further reduced if daily localization is used, 
removing the random component of the position uncertainty, 
and reducing the systematic component to account only for the 
localization system and delineation uncertainties. 
 
Keywords— Localization, Margins, MV-CBCT, US, Post-

Prostatectomy 

I. INTRODUCTION  

Radiotherapy (RT) and radical prostatectomy are both 
widely accepted by the medical community as curative 
treatment strategies for localized carcinoma of the prostate 
gland. Data show that both treatment options have compa-
rable outcomes.  However, many patients who undergo 
prostatectomy will also receive RT treatment (adjuvant or 
salvage). 

To minimize the rate of radiation-induced acute and late 
toxicity to the rectum and bladder for post prostatectomy 
patients, studies have suggested the highest dose that can be 
delivered with acceptable toxicity is a minimum of 64 Gy at 
conventional fractionation [1]. However, recent data of 

patterns of failure from a randomized trial showed that 
treatment failure is mainly local, and suggested an im-
provement in local therapy will result in better treatment 
outcomes [2].    

A number of studies have proposed that greater doses, in 
the range of 70–74 Gy, for prostate cancer patients in the 
postoperative setting would potentially achieve greater 
disease-free control rates and are likely to be safe, if image-
guided RT (IGRT) techniques are used [3]. IMRT with 
daily localization for salvage or adjuvant RT patients would 
allow for such dose escalation by reducing the PTV margin 
and thereby ensuring toxicity is minimized by sparing more 
organs at risk volume. A number of online IGRT methods 
have been developed to correct for positional variations of 
the prostate-bed, rectum, and bladder volumes. They in-
clude ultrasound (US) imaging, implanted surgical clips, 
and cone-beam CT (CBCT). In principle, greater accuracy 
would be possible provided that anatomical information is 
available online such that the target and surrounding OARs 
location is known at the time of treatment. In theory, online 
US imaging and surgical markers can provide this informa-
tion.  However, in practice US has been found susceptible to 
subtle sources of error and inter-user variability [4]. For 
localization with surgical clips using portal imaging, a main 
shortcoming is the migration of clips and inherent blindness 
to the anatomical deformation of the target and OARs. The 
new techniques of online KV and MV cone-beam-CT 
(CBCT) imaging hold promise to overcome the limitations 
described above and to greatly improve treatment localiza-
tion accuracy for post prostatectomy cancer patients.  In this 
work, the online image-guided localization data from 565 
US (18 patients) and 615 MV-CBCT (19 patients) couch 
alignments for patients who underwent IMRT of the pros-
tate-bed were compared.  Furthermore, the US and MV-
CBCT localization data were used to assess whether treat-
ment margins could be safely reduced in the absence of 
daily localization, based on the systematic and random 
interfractional variations observed with US and MV-CBCT 
systems.   
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II. METHODS AND MATERIALS 

For every treatment fraction, the post prostatectomy pa-
tients were immobilized in a vacuum cradle, and positioned 
by aligning the skin marks with the treatment room lasers. 
The appropriate imaging technique was then applied, and 
the treatment couch was shifted accordingly prior to treat-
ment. All patients received a prescription dose of 66.6 Gy to 
the PTV which was delivered with an 18 MV 5-field IMRT 
plan. A CTV-to-PTV margin of 1.5 cm was used for all 
patients. 

For prostate-bed localization with US, we used the 
NOMOS BAT system starting on April 2001.  In August 06, 
we began using the Siemens MVision MV-CBCT system 
[5] for prostate-bed localization. The MV-CBCT imaging 
technology utilizes the linear accelerator therapy beam 
along with the electronic portal imaging device (EPID) for 
online volumetric imaging. Three dimensional (3D) soft-
tissue structures and bony boundaries are visible to varying 
degrees in the MV-CBCT images depending on the dose-
exposure.  Imaging delivery protocols are identified by the 
nominal number of monitor units (MU) selected by the user. 
Three, 5, 8, 10, 12 and 15 MU protocols have been adopted 
for clinical imaging applications. A 15 MU protocol (10 
cGy at isocenter) was used for prostate-bed imaging. This 
dose allows for excellent soft tissue contrast in the images 
of the pelvis area and accurate daily localization. Moreover, 
based on an in-house developed technique, this daily CB 
dose was incorporated in the IMRT plan [6].   

The treatment planning (TP) CT images including organ 
contours and isocenter coordinates are transferred from the 
treatment planning system to the Siemens Coherence 
workstation. The planning CT is automatically loaded into 
the Coherence adaptive targeting (AT) localization program 
following the acquisition of the cone-beam. After the CBCT 
images are reconstructed, they are in turn loaded into AT, 
and image registration is then performed with a maximum 
mutual information algorithm. The planning CT to CBCT 
image registration is then evaluated and potentially cor-
rected, and the corresponding treatment couch translational 
shifts are calculated. Because of the MV-CBCT system is 
calibrated with a 2 mm accuracy, offsets less than or equal 
to 2 mm are not corrected but they were recorded in the data 
sets. A total of 615 MV-CBCT shifts were recorded in lat-
eral (LR), vertical (AP), and longitudinal (SI) directions. 
The percentage of LR, AP, and SI shift values exceeding 5 
mm were identified. In addition, the 3D shift vector V was 
calculated for each fraction using the formula: 

 
   V= (X2+Y2+Z2)0.5 (1) 

  

The BAT system consists of an ultrasound probe at-
tached to a precision tracking arm, which allows it to be 
oriented in the treatment machine coordinate system. The 
images are displayed in real time on a video monitor along 
with the TP contours. Transverse and sagittal images are 
acquired by the radiation therapist by sweeping the probe in 
the LR and SI directions. The patient contours are then 
shifted using a touch-screen menu until they align properly 
with the BAT image, and the corresponding translational 
couch shifts are calculated and applied.  A total of 565 US, 
shifts were recorded in the LR, AP, and SI directions along 
with the percentage of shift values exceeding 5 mm.  The 
shift vector V was calculated using eq. (1). Shifts values of 

were not recorded by the radiation therapist, and 
showed as 0 in the data set. As a result, the US data shows 
an artificial spike at 0 in all directions. To correct for this 
difference between the US and MV-CBCT data sets, the 
MV-CBCT date set was modified by setting to 0 all shifts 
2 mm.  

The recorded shift data were used as a basis for calculat-
ing systematic ( ) and random ( ) errors for treatment 
without daily localization, thereby allowing us to derive 
recommendations for uniform CTV-to-PTV expansion 
margins using the formula [7]: 

 
 7.02M   (2) 

 
The margin formula in eq. (2) ensures that 90% of the pa-

tient population will receive 95% of the prescription dose.  
Note that for each localization system,  was calculated 
using the standard deviation of the distribution of patient-
specific mean shifts, and  was calculated as the mean of 
the distribution of patient-specific standard deviations. 

III. RESULTS AND DISCUSSION  

Figure 1 shows the mean shift and standard deviation for 
each patient in LR, SI, and AP directions, for the US (top 
row) and MV-CBCT (bottom row) systems. Figure 2 shows 
the LR (left-column), SI (middle-column), and AP (right-
column) scatter plots of the US data (top row) and MV-
CBCT data (bottom row).  Figure 3 shows a histogram of 
the mean 3D shift values for the US data (left) and MV-
CBCT data (right).  Note that the large percentage of data at 
zero on Figures 2 and 3 is due to the fact that all shifts of 2 
mm or less were set to zero. 
Table 1 lists the mean LR, SI, and AP systematic and ran-
dom errors along with the mean 3D shift and its standard 
deviation. While the mean shift data in the 3 directions for 
both methods is approximately zero, the standard deviation 
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is almost twice as large in the LR and SI direction for US, 
compared to MV-CBCT.  

 
Table 1: Systematic and random errors in 3 directions, and the mean 3D 

shift and its standard deviation for the US and MV-CBCT systems 
 

 
Table 2 shows the percentage of shifts of more than 5 mm 

in each direction for both methods. The data shows that the 
percentage of large shifts in all directions is higher for US 
than CBCT. Specifically, the data shows that the percentage 
of large shifts in the LR and SI direction is approximately 3 
times as high for the US compared to the CBCT system. 

 
Table 2: Percentage of shifts over 5 mm in each direction 

 
Method LR SI AP 

US 26.4% 30.3% 40.7% 
MV-CBCT 10.7% 8.50% 29.3% 

 
 
Table 3 shows the  and  errors for treatment without 

daily localization as suggested by each localization system, 
along with the margin recommendation for treatment with-
out daily localization. The margin recommendation using 
US data is 1.5 mm larger than that using CB, suggesting a 
slightly greater variability with US localization.  

Table 3: Systematic ( ) and random ( ) errors, and uniform CTV-to-PTV 
margin suggested by the US and MV-CBCT methods 

 
Method  (mm) (mm) Margin (mm) 

US 4.19 5.03 11.89 
MV-CBCT 4.09 3.25 10.46 

 
 

Our results suggest that interfractional variations due to 
setup errors and organ motion do not affect target coverage 
if a margin of 1.0-1.2 cm is used, even in the absence of 
daily localization, compared to the 1.5-2.0 cm commonly 
used clinical margin. The data presented in this work shows 
that one must exercise care when dealing with localization 
technologies and margins for TP. From a theoretical point 
of view, it is easy to assume that implementing a daily on-
line localization technique ensures accurate delivery of the 
conformal dose to the prostate-bed while sparing the OARs. 
However, in practical terms, one must consider many uncer-
tainties associated with the TP process. For example, the 
treatment plan is usually generated based on an image data-
set that represents the state of the patient at a snapshot in 
time, and therefore it may not be representative of the state 
of the patient at each treatment fraction (e.g. patients with 
excess in rectal gas). Furthermore, contouring of the pros-
tate-bed volume is dependent both upon the observer and 
imaging modality, and  the localization image data set (US 
or CBCT) acquired prior to treatment may not be fully rep-
resentative of the state of the patient throughout the entire 
treatment fraction. Consequently, any margin reduction 
strategy should account for all these effects.  

Method LR (mm) SI (mm) AP (mm) V (mm) 
US 0.40±5.21 0.38±5.88 0.28±6.62 8.29±6.09 

MV-CBCT 0.54±3.38 0.67±3.0 0.50±5.24 5.82±3.87 

Fig 1: Mean shift in all three directions for the US and MV-CBCT systems, along with the overall population 
mean shift (solid horizontal line) and standard deviation (dotted horizontal lines above and below the solid line). 
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IV. CONCLUSIONS  

MV-CBCT localization data suggest a different distribu-
tion of prostate-bed volume shifts with smaller variability, 
including translational shifts of compared to US.  
The online US and CB image-guidance data show that for 
treatments that do not include daily prostate-bed localiza-
tion, CTV-to-PTV expansion margin of 1.0-1.2 cm can be 
used, compared to a generic margin of 1.5-2.0 cm, hence 
allowing more rectum and bladder sparing and potentially 
improving the therapeutic ratio. The margin can be further 
reduced if daily localization is used, removing the random 
component of the position uncertainty, and reducing the 
systematic component to account only for the localization 
system and delineation uncertainties. 
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Fig 2: AP, SI, and LR scatter plots of the US (top row) and MV-CBCT (bottom row) localization data  

Fig 3: Histogram of the mean 3D shift values for the US data (left) and MV-CBCT data (right)
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Abstract—The aim of this study is to compare three meth-
odologies of prostate localization. Daily prostate localization 
using cone beam CT (CBCT) or orthogonal kV imaging has 
been performed at UT Southwestern Medical Center since 
2006. Prostate patients are implanted with gold seeds, which 
are matched with the planning CT or DRR before treatment. 
More recently, a technology using electromagnetic transpond-
ers implanted within the prostate was introduced into our 
clinic (Calypso®). With each technology, patients are localized 
initially using skin marks and the room lasers. In this study, 
patients were localized with Calypso and either CBCT or kV 
orthogonal images in the same treatment session, allowing a 
head-to-head comparison of the technologies. Localization 
difference distributions were determined from the difference 
in the offsets determined by CBCT/kV imaging and Calypso. 
CBCT-Calypso and kV imaging-Calypso localization data 
were summarized from over 160 and 100 fractions each, re-
spectively.  

In these patients, the differences between CBCT-Calypso 
and kV imaging-Calypso localizations are 0.31 ± 1.82 mm, 0.00 
± 1.00 mm, -0.28 ±1.36 mm and 0.28 ± 4.12 mm, -0.28 ± 3.22 
mm, 0.16 ± 1.61 mm, respectively, in the AP, SI, and RL direc-
tions. These results show excellent agreement between radio-
graphic localization techniques and electromagnetic trans-
ponders, indicating that each of the localization techniques is 
accurate and suitable for prostate localization. Mean absolute 
localization offsets for kV imaging patients localized with 
Calypso are 6.98 ± 4.02 mm, 2.06 ± 3.09 mm, and 0.78 ± 3.06 
mm in the AP, SI, and RL directions, indicating that the pros-
tate is displaced approximately 7 mm posteriorly and 2 mm 
inferiorly when compared to localization with skin marks. 

Keywords—prostate, localization, electromagnetic trans-
ponders, conebeam CT. 

I. INTRODUCTION 

One of the greatest challenges in radiation oncology is 
the uncertainty of tumor and organ position inside the pa-
tient. Computed tomography (CT) scans used for treatment 
planning are snapshots of the patient taken days before 
treatment begins. In the case of prostate cancer, variable 
filling of the bladder and rectum virtually guarantee that on 
the first day of treatment the prostate will not be in the same 
position as the day of the planning CT scan. To account for 
setup uncertainty and organ motion, the ICRU [1, 2] has 

recommended that a margin be added to the target during 
the planning process. Unfortunately, the planning target 
volume (PTV) often includes healthy tissues or organs that 
are irradiated unnecessarily. If the prostate could be local-
ized more accurately, the margin could be reduced and more 
healthy tissue could be spared. Accurate localization is even 
more critical for dose escalation and hypo-fractionation.  

Prostate localization has been studied extensively and 
several different technologies have been used for daily lo-
calization, including transabdominal ultrasound, X-ray 
portal imaging, and kilovoltage and megavoltage cone beam 
CT [3-15]. With these technologies, patients are localized 
using bony anatomy, implanted fiducials, or three-
dimensional volumetric images. These image-guided tech-
nologies have allowed the therapist to determine the magni-
tude and direction of the setup error and correct for it before 
treatment is initiated. Numerous studies have been pub-
lished describing the merits of the various methods; in gen-
eral, localization uncertainties are on the order of 0.5 cm 
(1σ) in each direction [6-14]. Prostate localization using 
implanted markers is increasing in use [7, 9-11, 14]. After 
conebeam CT (CBCT) or kV imaging, the markers are 
matched to a reference CT or a digitally reconstructed ra-
diograph (DRR), and a software algorithm is used to calcu-
late the necessary couch shifts. 

The Calypso® 4D localization system (Calypso Medical 
Technologies, Inc., Seattle, WA) is the first localization 
technology to provide completely objective localization as 
well as continuous monitoring of the prostate position dur-
ing radiation therapy. By utilizing electromagnetic detection 
of three transponders implanted in the prostate, Calypso 
provides a user- and institution-independent method of 
localizing prostate patients.  

The purpose of this study is to compare the accuracy of 
CBCT/kV imaging and Calypso for localization of the pros-
tate in the same population of patients.  

II. MATERIALS AND METHODS 

Since 2006, prostate patients in our department have had 
two or three gold seeds implanted in their prostate for the 
purpose of localization. Prostate patients are treated on a 
Varian Trilogy (Varian Medical Systems, Palo Alto, CA) or 
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an Elekta SynergyS (Elekta Oncology Systems, Crawley, 
UK), depending on whether or not the patient’s lymph 
nodes are being treated. Because of the Elekta’s maximum 
field size of 21 x 16 cm2, all patients receiving lymph node 
irradiation are treated on the Varian.  

Both linacs have kV on-board imaging (OBI) and are ca-
pable of performing conebeam CT. Because of a disparate 
workload on the two machines, orthogonal kV imaging is 
the primary localization method on the Trilogy. On both 
machines, the patient is set up on the treatment couch by 
aligning the room lasers to skin marks. The CBCT or kV 
image is then aligned manually with a planning CT or a 
DRR from the treatment planning system using the im-
planted markers. The couch shifts are calculated based on 
the seed alignments and the patient’s position is adjusted 
accordingly. The therapists in the department have exten-
sive experience using these technologies, as there have  
been over 3200 prostate localizations in our department 
since 2006. 

The Calypso system uses an array of AC magnetic coils 
to generate a resonant response from implanted electromag-
netic transponders (Beacons™), which is detected by a 
second array of receiver coils (Figure 1). The array position 
relative to the linac isocenter is determined by three infrared 
cameras mounted on the ceiling in the room. Daily quality 
assurance is performed each morning and the entire system 
is calibrated monthly. The Beacons (8 mm in length and 2 
mm in diameter) are implanted in the right and left base and 
the apex of the prostate. The implantation is performed with 
transrectal ultrasound guidance in a manner analogous to 
gold marker implantation. The coordinates of the Beacons 
and the isocenter are identified on the treatment planning 
CT and entered into the Calypso tracking station. Similar to 
CBCT and kV imaging, initial patient localization is per-
formed using skin marks to align with room lasers. Calypso 
is used to localize the patient and the system calculates the 
initial offset. The couch is shifted until the three offsets are 
zero. During treatment, Calypso monitors and reports the 
offset between the actual and planned isocenter position at a 
rate of 10 Hz. 

Calypso has been shown to have sub-millimeter accuracy 
[15]. Additionally, Calypso localization compares favorably 
to that using room mounted kV x-ray localization of im-
planted radio-opaque markers [16], with a positional stability 
of the transponders that is similar to that of gold seeds [17].  

Current CBCT-Calypso data consists of 165 treatment 
sessions from 6 patients and kV imaging-Calypso data con-
sist of 108 localizations from 3 patients. Of these 9 patients, 
7 are currently on treatment and it is anticipated that many 
more patients will be localized with Calypso in the coming 
months.  

 
Fig. 1 Overview of the Calypso system 

For Calypso patients treated on the SynergyS, the CBCT 
is obtained and the couch shifts are calculated using the 
alignment of the Calypso Beacons. Before moving the pa-
tient, Calypso is used to verify the CBCT shifts and the 
patient is shifted to the correct position. Occasionally, the 
patient is moved based on the CBCT and Calypso is used to 
verify the patient’s position. Calypso patients treated on the 
Trilogy are localized using Calypso, shifted, and then kV 
images are taken. The alignment of the Calypso Beacons in 
the kV images is used to confirm the Calypso localization. 

III. RESULTS 

The average difference in the CBCT-Calypso and the kV 
imaging-Calypso localizations are shown in Table 1. The 
radiographic localizations and Calypso localizations agree 
very well, with the difference being less than 0.5 mm in all 
directions. The distributions of the localization error differ-
ences are shown in Figures 2 and 3. The distribution of the 
localization differences is wider for the CBCT-Calypso 
comparison than for the kV imaging-Calypso comparison, 
suggesting that there is more uncertainty in aligning the 
Beacons using a 3D CBCT than in aligning them using two 
orthogonal images.  

Table 2 contains the absolute localization offsets, as de-
termined by Calypso, for the patients treated on the Trilogy. 
This data shows systematic offsets relative to skin marks for 
the vertical and longitudinal directions. On average, patients 
are shifted almost 7 mm anteriorly and 2 mm superiorly 
from the initial setup to skin marks. We hypothesize that 
these large average offsets are due to a gravitational / re-
laxation effect which makes the prostate move posteriorly 
and inferiorly, described most recently by Langen et al [18].  
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Table 1 Mean Localization Differences for kV imaging-Calypso and 
CBCT-Calypso (mm) 

 kV Imaging CBCT 
 Mean SD Mean SD 

Vert 0.31 1.82 0.28 4.12 
Long 0.00 1.00 -0.28     3.22 
Lat -0.28 1.36 0.16 1.61 

Table 2 Mean Calypso localization offsets for patients treated on the 
Varian Trilogy (mm) 

Calypso localization 
 Mean SD 

Vert 6.98 4.02 
Long 2.06 3.09 
Lat 0.78 3.06 

 
Fig. 2 Distribution of localization differences between kV imaging and 
Calypso localization 

 
Fig. 3 Distribution of localization differences between CBCT and Calypso 
localization 

IV. CONCLUSIONS 

In patient localizations with both CBCT/kV imaging and 
the Calypso system, the localization differences are less 
than 0.5 mm, indicating excellent agreement. Each of the 
three localization methods is accurate and suitable for pros-
tate localization. 

However, Calypso is the only truly objective localization 
method for prostate patients, potentially resulting in more 
accurate localization without additional dose to the patient. 
Perhaps more importantly, Calypso monitors the prostate 
position at all times after the initial localization, providing 
real-time information about the prostate location, which is 
especially crucial as prostate radiotherapy moves towards 
hypofractionated treatment courses.  
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Abstract— An optimized contour propagation method for 
head-and-neck cases in fractionated radiation therapy is pre-
sented and three-dimensional displacements of the spinal cord 
are evaluated. Thirty-two planning CTs were acquired with 
either a Siemens Primatom or Toshiba Aquilion CT scanner. 
Each case comprises several control CTs acquired in treatment 
position by a Siemens Primatom CT-on-rails system. All ma-
nually segmented contours of the spinal cord were propagated 
from the planning CT to all subsequently acquired control CTs 
employing two-dimensional normalized cross-correlation. A 
multiplicity of non-rigid displacements is observed, even 
though head and thorax are tightly immobilized. An optimized 
configuration for the contour propagation method is derived. 
It turns out to reliably propagate manually segmented con-
tours of the spinal cord. As a result, it can reveal insufficient 
external and internal rigid image matching and allows for its 
compensation. 

Keywords— contour propagation, spinal cord, computed 
tomography, fractionated radiation therapy, adaptive radia-
tion therapy. 

I. INTRODUCTION  

A main effort to fractionated radiation therapy is to 
achieve high tumor control probability with minimal risk of 
side effects during the weeks of cancer treatment with ioniz-
ing radiation and thereafter. It has been shown that fractio-
nation results in improved non-tumor cell survival com-
pared to single exposure [1]. Nowadays, it is therefore 
applied in many cases. As a consequence of this often ap-
plied kind of treatment, new challenges in accurate patient 
positioning and immobilization have arisen. Even though 
rigid immobilization is applied, intra- and inter-fractional 
organ motions are still present during every day treatment. 
Therefore adaptive radiation therapy has become an impor-
tant field of research. The challenging aim remains to pre-
cisely deliver the prescribed radiation dose to the clinical 
target volume over the time course of fractionated radiation 
therapy treatment. As a consequence, a lot of effort is done 
to position the patient and the target volume as precise as 
possible. Many immobilization techniques and stereotactic 
frame-systems already exist, and new techniques in image 

guided and adaptive radiation therapy are a strong focus of 
research.  

This contribution presents an optimized method to prop-
agate manually segmented contours of the spinal cord from 
planning CT (PCT) image data to subsequently acquired 
control CTs (CCTs). It is shown that inter-fractional dis-
placement occurring in spite of strong immobilization tech-
niques can be accounted for by the optimized contour prop-
agation approach presented.  

II. MATERIAL AND METHODS 

Thirty-two patients with tumor indications close to the 
spinal cord were retrospectively investigated. During the 
course of fractionated radiation treatment, patients were 
immobilized by applying a head immobilization system 
made of Scotch-cast bandages and a body cast made of self-
hardening bandages to immobilize head and thorax [1]. A 
stereotactic frame for patient positioning is additionally 
attached. The PCT and all CCTs are matched according to 
this external reference frame. They are therefore given in a 
corresponding coordinate system. After manual segmenta-
tion of the spinal cord, normalized cross-correlation is ap-
plied to automatically propagate these contours from the 
PCT to CCTs. The aim was to evaluate the displacement per 
transversal slice more detailed in comparison to specific 
regions [2]. In order to also provide this method for clinical 
routine, optimized template size and search region enlarge-
ment have been derived.   

 
A. Planning and control CTs 

All PCTs involved in this evaluation were acquired with 
either a Siemens Primatom or Toshiba Aquilion CT scan-
ner. A PCT ,  covers the 
whole head-and-neck region, often consisting of more than 
150 transversal slices. Each voxel has an extent of 0.976 
mm  0.976 mm in  (lateral) and  (anterior-posterior) 
direction. Slice thickness is 3.0 mm in  (cranial-caudal) 
direction. 

All control CTs were acquired with a Siemens Primatom 
CT scanner. It is an in-room solution mounted on rails to 
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enable image acquisition shortly before and after the pre-
scribed dose is delivered by a linear accelerator. It enables 
convenient CT imaging at the time of daily radiation treat-
ment while patients remain immobilized in the treatment 
position. Each patient got several control CT scans 

 where  is the total amount of CCTs 
per patient.  

B. Fast normalized cross-correlation 

Cross-correlation is well known in signal and image 
processing as a quantitative method that indicates the 
strength and direction of a linear relationship between two 
signals, images or volumes. It is applied in medical image 
processing e.g. in image registration, pattern recognition, 
etc. The linear relation between two signals is expressed in 
terms of correlation coefficients. It is motivated by the Euc-
lidean distance measure: 

 
  

Where  is the search region and the summation over 
 under a window containing the template  at position 
. If the image energy  is approximately con-

stant then the remaining cross-correlation coefficient 
 
  

is a measure of similarity between the search region and 
the template [3]. However, using it for template matching 
has some remaining disadvantages: 

 If the image energy varies with position, matching can 
fail. For instance, the correlation coefficient between a 
feature and an exactly matching region can be less than 
the correlation between the feature and a bright image 
artifact (e.g. metal artifacts).  

 The range of  depends on the size of the feature.  
 It is not invariant to changes in image amplitude caused 

by HU instability across the image sequence. 

Normalized cross-correlation overcomes these disadvan-
tages by normalizing the search region and template vectors 
to unit length: 

 

 
 is the mean of the template and  is the mean of 

 in the search region under the template. Since nomi-
nator and denominator are composed of convolutions, the 

normalized cross-correlation coefficients can be computed 
in a less computational intensive way for large amount of 
data by applying the Fast Fourier Transformation (FFT) and 
transferring the image content into the Fourier domain. The 
nominator corresponds to the cross-correlation between 
search region and template , while the 
denominator is composed of the auto-correlation product 

 multiplied by  at 
position  and .  

Fig. 1 Template extracted in a PCT: it contains the spinal cord, parts of the 
vertebra body and soft tissue. 

Fig. 2 Search region extracted in a CCT: it also contains the spinal cord, 
parts of the vertebra body and soft tissue. 

C. Template and search region 

Templates are derived within every single transversal 
slice of the PCT according to the manual segmentation of 
the spinal cord. Minimum and maximum vertices are ex-
tracted from the contour and a minimal surrounding rectan-
gle is derived. It is enlarged by a constant distance  in each 
direction (see Fig. 1), because it would contain very little 
image content otherwise. Subsequently, an additively en-
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larged search region is extracted in the CCT at the very 
same position according to the PCT. This coincidence is 
assumed on basis of the automatically derived stereotactic 
matching, according to the external stereotactic frame. Dev-
iations in  direction are disregarded, since template con-
tents are mainly depending on the bony anatomy of the 
vertebral bodies. Finally, the displacement per transversal 
slice is derived from the distance of the maximum correla-
tion coefficient to the initial position (see Fig. 3). 

 

Fig. 3 Normalized cross-correlation coefficients: The initial position is 
highlighted by the central cross. The maximum correlation coefficient and 
initial position would coincide if no displacement occurs. The deviation 

from the maximum value enables to deduce the displacement. 

III. RESULTS  

In total, 32 head-and-neck cases were analysed and retro-
spectively evaluated. All contours of the spinal cord were 
automatically propagated from the planning CT to 222 sub-
sequently acquired CCTs, resulting in 12,497 new contours 
Only 46 errors occurred: there, the automatic propagation 
was recognized to be anatomically invalid (error criterion: 
displacement > 13 mm) or the contour was corrected manu-
ally after three-dimensional visualization by an oncologist. 
Lateral and anterior-posterior mean displacement ( , ) are 
derived (see Tab. 1). In single cases (2, 3, 18, 22, 24) vari-
ance greater than 10 mm is observed. It is an indicator for 
severe displacements and therefore illustrated for one case 
in more detail in Fig. 4 and 5. Slice 1 is close to the thorax 
immobilization system. Slice 70 shows the most cranial 
contour of the spinal cord. It is close to the brain stem. Lat-
eral displacement (see Fig. 4) shows a systematic error 
of -1 mm and standard deviation per transversal slice of 
1 mm. The anterior-posterior displacement is shown in Fig. 
5. The standard deviation in thorax region is ~2 mm. Fixa-

tion of the head is slightly better and less internal motion is 
seen. The standard deviation in head region is ~1 mm.  
Table 1  Displacement evaluation after automatic contour propagation 

for 32 head-and-neck cases. 

Case #CCTs     #Cont #Err 

1 5 -0.12 -0.61 0.22 0.87 292 0 
2 7 0.39 2.67 0.95 10.32 388 0 
3 8 -3.12 0.12 4.07 2.24 432 0 
4 9 -2.20 -2.06 2.93 10.80 451 1 
5 4 -0.55 -0.01 1.66 2.73 262 4 
6 7 -0.36 -0.42 0.83 1.97 426 0 
7 8 3.70 -0.22 5.44 1.67 446 2 
8 4 -0.96 -0.85 1.16 0.62 182 0 
9 7 -1.84 -0.83 1.14 1.40 411 0 

10 6 -1.43 2.15 0.90 1.97 301 0 
11 6 0.71 -1.79 1.02 5.64 343 3 
12 8 -0.34 -0.99 1.55 1.28 440 2 
13 5 0.71 -0.17 4.87 0.95 255 0 
14 11 -1.72 0.37 1.84 1.04 599 0 
15 7 0.08 -0.47 0.81 2.21 327 0 
16 5 -0.07 -0.62 0.15 0.98 265 3 
17 5 -1.23 -1.13 6.57 5.80 323 0 
18 9 0.72 0.02 5.65 10.65 459 14 
19 6 0.05 -0.20 2.21 3.56 296 3 
20 5 2.20 -0.56 2.41 1.90 314 0 
21 6 -0.89 -0.27 1.71 2.37 361 0 
22 7 1.44 -0.22 3.60 12.50 405 0 
23 7 -0.14 2.86 3.20 6.39 425 0 
24 11 0.40 2.27 9.13 7.49 631 0 
25 9 1.00 0.12 7.53 14.54 459 12 
26 6 0.15 -0.18 3.54 5.36 296 2 
27 5 3.09 -0.96 4.57 3.42 314 0 
28 8 1.76 -1.34 7.61 7.12 453 0 
29 10 1.01 -0.14 1.03 9.52 707 0 
30 6 0.52 -0.53 2.59 1.00 340 0 
31 9 -0.05 -1.90 3.50 5.55 533 0 
32 6 -1.63 -0.54 2.16 3.27 361 0 

Sum 222     12,497 46 

 

Fig. 4 Lateral displacement analysis per transversal slice  
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It is obvious that displacement of the neck region can ex-
ceed 3 mm from fraction to fraction.  

Finally, optimum values for template and search region 
enlargement are derived (cf. Fig. 6) to integrate the pre-
sented method in the VIRTUal radiOtherapy Simulator 
(VIRTUOS) developed at DKFZ [4]. Constant template 
enlargement  mm and search region enlargement 

 mm turned out to cause least propagation errors. 

IV. DISCUSSION 

A multiplicity of non-rigid displacements is observed in 
the head-and-neck region during fractionated radiation ther-
apy. Two patterns occurred frequently: the neck was either 
stretched or hanging with respect to the RT planning situa-
tion. In consequence, patient positioning might be non-
optimal if only rigid transformations are applied for position 
correction. Single displacements along the neck could cause 
serious adverse effects when the spinal cord extends high 
radiation dose volumes. In particular, this is the case when 
target volume and spinal cord are located in close proximity 
to each other.  

Therefore, this contribution suggests application of an 
optimized contour propagation method as presented. It en-
ables to propagate manually segmented contours, e.g. of the 
spinal cord, from the PCT to a CCT and can be evaluated 
after automatic and manual position correction to verify if 
the spinal cord is following the same path compared to the 
planning case. If this is not the case, oncologists have the 
opportunity to interrupt treatment at an early stage and 
compensate severe positioning divergences. 

Integration of this approach into virtual radiotherapy 
simulation would make it available for new cases arising in 
clinical routine. 

 Fig. 6 Optimal enlargement evaluation: from top-left to bottom-right, ten 
displacement thresholds from 5-15 mm are evaluated. Abscissa defines 
template and ordinate search region enlargement. A local minimum is 
given at 7 mm for template and 9 mm for search region enlargement.     

V. CONCLUSIONS  

A robust method for propagating manually segmented 
contours of the spinal cord from PCT to CCTs is presented. 
The method turns out to be reliable for large-scale data in 
retrospective evaluations and can be helpful in clinical rou-
tine when new cases arise to reveal insufficient rigid image 
matching. 
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Abstract— An  external audit program  for checking the 
calibration radiotherapy beams has been put into operation 
since 1997  by the External Audit Group (EAG) of  the 
Algerian SSDL, in the framework of an IAEA CRP1 al-
lowed us to check the accuracy of delivered absorbed doses 
for high energy photon beams in reference conditions.  This 
CRP has been extended since 20012 to take into account, 
complex audit measurements in real treatment geometries, 
i.e. different depths and field sizes, use of wedge filters,… 

In addition to reference beam output, the audit in non-
reference conditions could detect any errors in beam data 
delivered by the treatment planning system (TPS), is such 
geometries, such as depth dose data, beam output variations 
with field size, wedge and tray transmission factors, field 
flatness and symetry.. The present work presents the metho-
dology followed by the EAG as well as the results obtained 
for the audit in reference and non reference conditions from 
1997 to 2007.  

 
Keywords— Quality assurance, TLD, calibration check 

I. INTRODUCTION  

The methodology developed by the IAEA was followed 
by the EAG. A set of teflon capsules  filled with about 160 
mg of lithium-fluoride powder,  is sent to participants who 
are requested to irradiate them at an absorbed dose as close 
as possible to 2 Gy using a TLD holder.  The capsules are 
then evaluated at the Measuring Centre and compared to the 
dose stated by the participants.  

A calibration curve was established for each batch of 
powder validated by irradiations performed at some refer-
ence centers.  On the other hand, the energy dependence, the 
fading effect and the holder effect, needed for the evalua-
tion, were studied and accurately determined. 

II. RESULTS 

- The calibration curve slightly changes after each powder 
annealing. These curves remain, however, parallel de-
monstrating that the linearity correction factors are not af-
fected (Fig.1).  

 

Fig. 1. Calibration curves validated with irradiations  
performed by foreign reference institutions  

- The TLD energy dependence is given by: 
ken = 0.24 (D20/D10) + 087 for high energy X-rays (Fig. 
2) and ken = -0.004 R50 + 1.052 for high energy elec-
trons (Fig. 3). 

 

Fig. 2. Energy dependence of TLD powder in  high energy x-rays  
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Fig. 2. Energy dependence of TLD powder in  high energy electron beams  

 

- The fading function is given by                                       
fad = 0.96 + 0.046 exp(-t/36.78), where t is the elapsed 
time between the irradiation and the evaluation of the 
TLD capsules (Fig. 3).  

 

Fig. 3. Fading effect of the studied TLD powder  

 

- The holder effect was evaluated to be 0.22 % per cm 
length above the capsule in 60Co.  

 

- From 1997 to 2007, 96% and 94% of the audited beams 
were within the 5% acceptance limit for reference and 
non reference conditions respectively (Fig. 4).  

 

Fig. 2. Results of the audit of radiotherapy beams in non  
reference conditions  

III. CONCLUSIONS: 

The system developed at the Algerian SSDL is suitable 
for auditing radiotherapy. The necessary parameters were 
determined for the TLD powder.  The overall audit results 
for a period of  ten years were satisfactory. 

 
 
1
 IAEA CRP E2.40.07 ―Development of a Quality As-

surance programme for radiation therapy dosimetry in de-
veloping countries ―  

2
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Quality Audits for Radiotherapy Dosimetry in Non-
reference Conditions‖  
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Abstract— During the last years the use of Geant4 [1] in
medical physics is increasing. Today Geant4 offers the advan-
tage of a well-validated set of physics models, a modern soft-
ware technology and a big flexibility to tailor it to the user
specific application.

Nevertheless, as a software toolkit, Geant4 requires tailor-
ing of the user application and a certain level of knowledge of
the C++ programming language and interfaces that Geant4
provides. In the past, there has been also a lack of optimization
studies and specialized techniques tailored for medical applica-
tions based on Geant4.

GAMOS [2], the Geant4-based Architecture for Medicine-
Oriented Simulations, facilitates the use of Geant4 by provid-
ing a simple script language that covers most of the needs of
any medical physics simulation. Its modular and flexible de-
sign, based on the use of the plug-in technology, as well as a
clear documentation and detailed examples, makes it easy to
extend the framework to cover any extra need an expert user
may have. A substantial effort has also been made to provide a
comprehensive set of tools to help the user in the debugging
and optimization of an application.

We describe in this paper the studies and the techniques
implemented in GAMOS aimed to optimize the simulation of a
radiotherapy external beam application, including the propa-
gation through the accelerator geometry and the calculation of
the dose in voxelized phantoms.

Keywords— Radiotherapy, Monte Carlo, Geant4, CPU
optimization.

I. INTRODUCTION

The use of Monte Carlo techniques in medical physics is
increasing every year. Several general purpose codes are

available for simulation in this field.
Among them, the Geant4 toolkit is the only one written

in C++ and modern software technologies. It includes a set
of well-validated physics models for the range of interest in

medical physics. It also has outstanding capabilities for the
description and visualization of the geometry, and its great

flexibility allows the user to have a detailed understanding
and control over all the steps of the simulation. On the other

hand, Geant4 requires some knowledge of C++ and a user
in the medical community may need to employ considerable

effort in order to tailor the simulation to her/his needs.

GAMOS provides an easy-to-use and flexible framework

for medical physics simulations with Geant4. A script-based
language allows the simulation of a medical physics appli-

cation without any need of C++ programming.
The big flexibility of GAMOS is achieved through the

use of the plug-in technology: a user can write a new Ge-
ant4 component, or take any from the Geant4 examples,

transform it into a new plug-in in a very easy way and then
select this new component with the initial script, mixing it

seamlessly with the other GAMOS or own components.
With respect to external beam radiotherapy simulation,

GAMOS provides a comprehensive set of utilities that al-
lows doing a full simulation through user commands. Any

geometry of an accelerator, including the most complicated
ones, can be described in detail through a simple text lan-

guage. Phase space files in the IAEA format can be written
and read back, including the filling of the extra info parame-

ters with different types of information chosen by the user
(region of creation, regions of interactions, regions trav-

ersed, etc.). Patient geometries described in DICOM format
can be converted to Geant4 format and read by GAMOS.

The use of the parallel navigation technique of Geant4 per-
mits to simulate the detailed geometry of an ionization

chamber or a brachytherapy seed inserted in a phantom. The
dose in the phantom can be calculated with errors and sev-

eral output formats are available.

II. MATERIAL AND METHODS

A. Optimization of cuts

By "cuts" we mean three kinds of limits to the genera-

tion or propagation of particles. The first one is what is
understood in Geant4 as production cut, that is, the energy

value that separates the simulation of an interaction in a
class II algorithm as catastrophic or continuous energy loss.

In Geant4 these cuts are given as a range, meaning that
particles whose energy does not allow them to travel more

than a given distance in a material will not be produced.
Apart from the production of e+e- pairs by muons, which is

irrelevant in medical physics, only two processes are af-
fected by these cuts: the emission of electrons in ionization

and the emission of photons in bremsstrahlung. Therefore
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the production cuts in Geant4 are given as two range values,

one for electrons and one for photons and different values
can be provided for the different regions (groups of vol-

umes).
The second type of "cuts" is what is known in Geant4

terminology as user limits. A user limit is a minimum en-
ergy, or range, value below which a particle would be killed

and all its energy deposited locally. These limits can be set
to a different value for each particle type and each volume.

For consistency with the production cuts we used limits by
range, although internally they are transformed to limits by

energy in each volume for efficiency reasons (to avoid
computing at each transportation step the range correspond-

ing to a given energy in a given material).
The third type of "cuts" is the range rejection, that is, the

killing of particles when the expected range in a volume is
smaller than the distance to the volume boundary, so that

the particle has a very low probability of escaping the vol-
ume.

For radiotherapy applications the precision needed is of
the order of a few %. Therefore for the tuning of cuts, one

needs to run several jobs with high statistics and different
cut values and make detailed comparison of the results, to

check that the cuts do have a negligible effect. Because of
this it is frequent that the authors of a simulation do not tune

properly the cuts and just take the default ones or a set of
recommended ones for an application which is similar, but

not equal, to theirs.
What we propose in this work is an automatic procedure

to obtain in a single run with limited statistics the optimized
set of cuts that has an influence in the dose calculated in the

patient less than a given percentage, specified by the user.
The procedure is based on tagging the particles that

would be killed by a cut instead of killing them. For each
application a figure of merit should be established to define

the effect of the cuts. In the case of the simulation of a ra-
diotherapy accelerator it can be the number of particles that

reach the patient. In the case of the calculation of the dose in
a patient it can be the dose in each voxel itself.

At the end of the job the application provides the statis-
tics of all the particles (and their descendants) that would

have been killed by a cut, for each particle type, each region
and each process.

Using these statistics a set of scripts helps the user to de-
termine, with a simple command, what is the effect that a

cut would have in the figure of merit defined, and in this
way it can optimize the values of the cuts that would have

an impact smaller than the desired value.
To check that no bias is introduced by the particles killed

(or not generated), a set of histograms is provided. In the
case of the simulation of an accelerator they are the energy,

position and angles of the particles that reach the patient. In

the case of the simulation of the dose in a patient the histo-

grams provided are the one and two-dimensional dose dis-
tributions as well as the dose and dose-volume histograms.

This method can be applied to the production cuts as well
as to the user limits. Nevertheless in the case of the produc-

tion cuts users have to be aware that changing the cut values
has some effect on the energy and angle distributions of the

secondary particles produced (an effect shared with other
Monte Carlo codes). Therefore it is necessary to make a

dedicated study to guarantee that the cut values are below
those that produce a non negligible effect. This can be done

in GAMOS by adding a command line in the input script
that produces a long list of histograms about the secondary

particle production for each process. A single command line
serves to produce a list of gif files with the superposition of

the histograms of these variables for two different sets of
cuts. Our recommendation is that a somewhat conservative

value is used for the production cuts, which we have deter-
mined to be about 1 mm for gammas and 1 mm for elec-

trons and to tune in detail the user limits. In this way, al-
though low energy particles will be produced (not many

indeed with a cut value of 1 mm) they will be killed imme-
diately after creation and the efficiency gain would be al-

most the same as with lower production cuts. To further
optimize the efficiency we have extended the user limits

functionality of Geant4 by checking the user limits not only
at each tracking step but even before particles are being

tracked (in what is called the stacking user action).
The above-mentioned approach has also the added ad-

vantage that optimized cut values are given by each process,
not only for ionization and bremsstrahlung, and therefore

the production cuts can be extended to all processes, using
an internal option of Geant4 that has no influence on the

cross sections of these processes.
The procedure that serves to count the particles that

would be killed by each set of cuts also gives detailed statis-
tics of the particles that would be killed if range rejection is

applied, so that the user can decide whether to use this tech-
nique or not.

B. Optimization of electromagnetic parameters

There are many parameters (eighteen) that contribute to
the optimization of the precision of the electromagnetic

physics. We have first studied one by one what is their ef-
fect for the case of an external beam radiotherapy treatment.

The conclusions of these studies show that the important
parameters are the following:

Number of bins of the cross section tables

Switching off the energy loss fluctuations

Controlling the number of steps of charged particles
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C. Particle splitting

Three different particle splitting techniques are available

in GAMOS. The first one is a simple uniform
bremsstrahlung splitting that splits all the bremsstrahlung

photons by a fixed number. The second one is similar to the
first one but plays Russian roulette with those photons that

are not aimed towards the patient. This technique has the
problem that particles with very different weights reach the

patient, spoiling the efficiency gain. To avoid this, a third
particle splitting technique is implemented based on the

same ideas of the Directional Bremsstrahlung Splitting
technique implemented in BEAMnrc [3]: for every process

that produces a gamma as secondary, the gamma is split and
Russian roulette is played with those gammas that are not

aimed towards the patient, while Russian roulette is played
with electrons so that only a few reach the patient.

D. Fast navigation in voxelised phantoms

To optimize the calculations of dose in voxelised phan-
toms, which may have many millions of voxels, we have

developed together with developers of Geant4 a new tech-
nique, now included in Geant4, which takes advantage of

the regular structure of these geometries to compute in a fast
way the localization of voxels. On top of this we have added

the option of skipping the voxel boundaries when two vox-
els share the same material, introducing the needed multiple

scattering and energy loss corrections for a correct distribu-
tion of the dose in each voxel.

E. Time studies

To get a detailed understanding of where the CPU time is
spent, GAMOS offers the possibility of reporting the time

spent in each component. A component can be a volume, a
volume copy, a region, a particle type or an interval of en-

ergy. This option can be activated by a user command and
several time studies can be done in a single job, including

the possibility of combining several components at the same
time.

If a more detailed CPU time profile is desired, GAMOS
offers an example on the use of the common Linux utility

gprof, which gives detailed information of the time spent on
each method, like the time spent directly on it and the time

spent by all the methods directly or indirectly called by it.

III. RESULTS

We have implemented the described techniques for a 6

MeV gamma Varian 2100 accelerator producing a 10x10

cm2 field at 100 cm SSD impinging on a water phantom of

voxel dimensions 2x2x3mm
3

and we have compared the
CPU time with the one obtained using BEAMnrc

[4]/DOSXYZnrc [5].

A. Optimization of cuts

After optimizing the production cuts and user limits for

each particle and each region of the accelerator we reduced
the time by 45% in the accelerator and by 20% in the phan-

tom with respect to the time obtained using the cut values
recommended by BEAMnrc/DOSXYZnrc. The times ob-

tained are slightly smaller than those obtained using these
codes.

The reports on range rejection show that the possible
gain obtained by using this technique is negligible in the

accelerator simulation as well as in the dose calculation.

B. Optimization of electromagnetic parameters

The effect of the three sets of parameters that we found

to be important is the following:

Number of bins of the cross section tables: the number

of bins used to build the cross section tables has a direct
influence on the precision of these tables. We have

tested that increasing the number of bins by a factor 5
diminishes the number of particles by about 1% and has
a slightly smaller effect on the dose, while the CPU

time is the same

Switching off the energy loss fluctuations: this has an

effect of only about 02.-0.3% on the dose, but the CPU
gain is just a few %

Controlling the number of steps of charged particles:

there are several parameters that limit the step length of
the charged particles, what allows for a better precision

in the energy loss and multiple scattering calculations
but has a big effect on the CPU performance. There are

many possible combinations of these parameters that
give similar results, therefore we have made a

comprehensive study and have finally chosen a set of
parameters that have an effect of about 1.5% on the

dose and reduces the time after the optimization of cuts
by a further 20% in the accelerator simulation and by

55% in the dose in phantom calculation

C. Particle spitting

By using a first version of the equal-weight particle split-

ting technique on the accelerator we have reached an effi-
ciency gain of almost a factor 50.
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D. Fast navigation in voxelised phantoms

With the technique described above we have obtained

dose calculations in realistic phantoms that are between 4
and 6 times faster than any algorithm previously available

in Geant4.

IV. DISCUSSION

Through an automatic optimization of the cuts for a 6

MeV gamma VARIAN 2100 accelerator plus the tuning of
the electromagnetic parameters we have reached a CPU

time 20% smaller than the one obtained using BEAMnrc
with the recommended parameters.

With the same values the time to simulate a 2x2x3 mm
3

water phantom is half of the time obtained with

DOSXYZnrc. For realistic phantoms, although the number
of materials is usually small, the density of each material

should span a relatively wide range of values to reproduce
the variation in the Hounsfield numbers. As it is currently

not possible in Geant4 to simulate a material with changing
density, it is mandatory to have a big number of materials to

realistically simulate a patient geometry. The increase in the
number of materials has a big impact on the CPU time,

making it a factor 2-3 slower than DOSXYZnrc. A tech-
nique to include Geant4 materials with varying density is

under study and we expect that it will eliminate the penalty
factor of using different materials and bring the CPU time to

values similar to those obtained with water phantoms.
The implementation of an equal-weight particle splitting

technique in the accelerator simulation, although reaching a
reduction of CPU of almost 50, it is still a reduction 2-3

smaller than the one reported at [3]. Further tuning of this
technique in Geant4 is still necessary to reach similar val-

ues.

V. CONCLUSIONS

After tuning the cuts and electromagnetic physics pa-

rameters in Geant4 and implementing a particle splitting
technique for accelerator simulation and a fast navigation

technique for dose calculation in voxelised phantoms, we
are able to reach CPU times similar to those obtained doing

the same simulations with BEAMnrc/DOSXYZnrc.
We plan to make further developments to reach still

bigger factors of optimization. The first ones we plan to
implement are: a further optimization of the particle split-

ting technique, the implementation of dynamic material
density and a particle history repetition for dose calcula-

tions.
In a second phase of the project we will try the simplifi-

cation of the physics, with which we hope to reduce the
time by at least an order of magnitude more.

GAMOS is public-domain software. Therefore all the op-
timization techniques described here are freely available.
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Abstract—Stereotactic radiosurgery (SRS) uses margins to 
handle geometric uncertainties that are present in target local-
ization in order to cover prescription dose criteria. SRS 
Treatments may include functional and benign lesions where 
cold/hot spots and margins expansions may have a different 
outcome than when treating malignant targets. As a tool for 
brain SRS applications, a mathematical simplified model was 
proposed involving lesions and isodose curves of spherical 
shape. The goal is to evaluate the impact of the margin choice 
in setup uncertainties correction and percent volume changes 
in both irradiated normal tissue and target volume. Graphs 
were obtained in order to assess the influence of margin choice. 
For each value of margin and target radius a critical point can 
be found, where tendencies between volumes for the irradiated 
normal tissue and unirradiated target tissue are inverted. 
According to the proposed model, it is also possible to estimate 
when margins can include enough volume of normal irradiated 
tissue to have a high complications probability. 

Keywords—margins, radiosurgery, estereotactic radiother-
apy, sphere model. 

I. INTRODUCTION  

 Radiotherapy uses margins to account for geometrical 
uncertainties in the position of a target volume and to ensure 
dosimetric coverage criteria. Margins in their simplest form 
are expansions of the treatment beam shape. ICRU reports 
have proposed definitions for treatment volumes and mar-
gins, but have also mentioned the necessity to review de-
lineation protocols as new technologies emerged in order to 
make margins more customized [1]. None of these reports 
are focused on the special case of brain SRS margins, where 
treatments may include functional and benign lesions where 
cold spots and margins expansions may have a different 
outcome than when treating malign targets.  

In this study, the impact of setup geometric deviations 
and margins will be measured for different target sizes, in 
terms of the dose delivered to the Clinical Treatment Vol-
ume (CTV) and to the normal tissue. The method is based 
on a simplified geometrical model where isodoses and tar-
gets are both spherical. The cumulative dose distribution 
(including geometric deviations) is calculated. This model 

seeks to work as an assessment tool when choosing margins 
for the Planning Target Volume (PTV), where normal tissue 
damage can be minimized as well as the risk of local failure.  

II. METHODS 

A. Spheres Geometric Model  

Both PTV and isodose curves are spherical and setup po-
sition uncertainties lead to a displacement of the dose distri-
bution with respect to the PTV. This model can be a good 
representation for treatments delivered with circular colli-
mators, were targets and dose distributions are nearly 
spherical. When deviation is smaller than target radius, as is 
expected, three cases (Fig. 1) can be identified for any 
isodose curve: the isodose curve is inside the target  
(A.), only a fraction of the target is covered with the isodose 
curve (B.) and the target is covered with the isodose  
curve (C.).  

We defined d as the target position displacement, R as 
the isodose curve radius, and r and the lesion radius. Ac-
cording to these parameters, spherical volumes are defined 
in equations 1-3 where Viso represents the volume of the 
isodose curve, Vlesion corresponds to the volume of the target 
or clinical treatment volume (CTV) and Vint represents the 
volume of the intersection between two spheres displaced 
from one to another bye the distance d [2].  

 
Fig. 1 Geometrical spheres model. Orange spheres represent isodose 
curves and colored spheres represent the target 
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Irradiated volumes from the CTV and normal tissue, be-
fore target position displacement, are calculated according 
to equations 4-6 (corresponding to cases A, B, and C re-
spectively in Fig. 1). 
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B. Mathematical Volume-Dose Analysis  

MATLAB® software routines were created to explore 
the model calculating the Dose-Volume Histograms (DVH) 
for different margins, lesion radiuses, and geometrical target 
deviations. The user must define a prescription dose in order 
to build the DVH. Histograms for normal tissue and CTV 
were calculated using VN  and VT previously defined, for 
each isodose curve radius involved. Isodose curves radiuses 
where defined for the prescription dose, using a logistic 
model adjusted to available data from circular collimators in 
a dedicated LINAC of 6MV (Novalis©, BrainLAB©, Ger-
many) used for patients treatment in the Radiosurgery Unit 
at the National Institute of Neurology and Neurosur-
gery(INNN). 

b
iso

a
r

DrD
⎟
⎠
⎞

⎜
⎝
⎛+

=
1

)(
                                                                  [7] 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛+=

b

piso a
rDD 1                                                             [8] 

biso

dose
DamR

1

1⎟
⎠
⎞

⎜
⎝
⎛ −+=                                                           [9] 

Eq. 7 is the logistic fit that was used with experimental 
data from the dose distributions for circular collimators to 
estimate a and b parameters. Parameter a represents dose 
curve width and b represents the dose gradient. According 
to CTV diameter the nearest circular collimator available 
was used to calculate these parameters. Diso in Eq. 8 repre-
sents the dose delivered to the isocenter of the beam.  Eq. 9 

is the expression used to calculate each isodose curve ra-
dius R.  

III. RESULTS 

According to the proposed geometrical model, graphs 
can be obtained for all combinations of parameters. It is of 
special clinical relevance to explore variations of DVH for 
different margins. Isocenter setup position displacement 
was previously measured with an anthropomorphic phantom 
in our dedicated Linac [3] and the estimated value was used 
as reference for the following examples. Graphs in figures 
(Fig.2-6) show examples that can be obtained with this 
model using a setup displacement of 2mm and a prescrip-
tion dose of 12 Gy, which may correspond to an example 
dose for SRS of a benign lesion like schwanomas [4]. 

Before considering the target setup displacement, for the 
case of small values of margin (Fig. 2) and small CTV di-
ameters (Fig 3), the percent of the lesion that may be un-
covered  by the isodose prescription curve is greater than 
the percent of  normal tissue irradiated with the prescription 
isodose, as might be expected. For each margin size there is 
an intersection point where this behavior is inverted  
(Fig. 2). Furthermore this intersection point is variable ac-
cording to the lesion diameter  (Fig 3). This variation is 
presented simultaneously in Fig. 4. When margin is larger 
than setup displacement, there is no cold regions involved, 
but for smaller margins the intersection point is achieved for 
larger targets as the margin diminishes. 
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Fig. 2 Percent coverage of the prescription isodose curve for variable 
margins choices. Ascendant curve corresponds to normal tissue and de-
scendent curve corresponds to CTV (for an example of 3cm diameter target 
with 12 Gy of prescription dose) 
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Fig. 3 Percent coverage of the prescription isodose curve for different 
target diameters for a 0.0 margin treatment.  The ascending curve corre-
sponds to normal tissue and the descending curve corresponds to CTV 

Complications induced by ionizing radiation have been 
closely related with the volume of normal tissue that is 
covered with the 12 Gy isodose curve [5]. Fig. 5 shows that 
considering setup displacement and a prescription curve of 
12 Gy, the larger the margin, the more normal tissue re-
ceives 12 Gy, even for smaller target diameters, and conse-
quently a larger probability of complications is expected.  

margin 0.3 cm

margin 0.2 cm
margin 0.1 cm
margin 0.05 cm
margin 0.00 cm

0 1 2 3 4 5 60

20

40

60

80

100

120

CTV Target diameter HcmLN
or

m
al

Ti
ss

ue
Irr

ad
ia

te
d

V
ol

um
eHccL

 
Fig. 4 Behavior of percent coverage and intersection points for variable 
target diameters and form different margin values (0.0, 0.05,0.1,0.2 cm) 
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Fig. 5 PTV diameter that as due to target displacement represents  
an irradiation of 20cc with 12 Gy for different margins and a prescription 
dose of 12 Gy. Horizontal line represents this limit for irradiated normal 
tissue 

Fig. 6 shows an example of the DVH that can be built for 
different margins using this simple model. Also normal 
tissue histograms can be built the same way in order to 
evaluate margins (Not showed). 
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Fig. 6 Dose-Volume histograms for an example lesion of 3 cm diameter 
and prescription dose of 12Gy with different margins. (0. 0cm,0.5cm, 
0.1cm, 0.2cm, 0.3cm, 0.4cm) 
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IV. DISCUSSION 

With this simplified model for each value of margin and 
CTV radius, a critical point may be found were tendencies 
between volumes for the irradiated normal tissue and unir-
radiated target tissue are inverted. The intersection point 
that can be mathematically obtained with this model for a 
particular lesion (Fig. 4), represents an equilibrium point 
where hot and cold areas are balanced. Preferences for mar-
gins can be determined, according to the histopathology of 
the target, in order to move to the cold or hot direction. It is 
also relevant to determine, according to each target size, 
when the target displacement leads to irradiation of a vol-
ume of normal tissue enough to increase the probability of 
complications [5]. The calculated DVH for target and nor-
mal tissue is a visual tool usually used to compare between 
plans that can be helpful to compare between different mar-
gin options.  

Malignant lesions with larger diameter are less likely to 
be treated with circular collimators, so the behavior may 
differ from this model since spherical geometry corresponds 
less to the isodose curves when treating with other tech-
niques like conformal beams. It is also relevant to consider 
that lesions are most commonly irregular so this model may 
be extended for better accuracy. Future work is focused on 
applying mathematical models, like NTCP (Normal Tissue 
Control Probability) and TCP (Tumor Control Probability) 
as an additional tool for this spheres model applications [6]. 

V. CONCLUSIONS  

This geometrical simplification may be a useful tool pro-
viding additional criteria when deciding about margins 
specifically in the case of radiosurgery treatments. Estima-
tions of intersection points with this model setup a descrip-
tive reference of margins behavior and they allow us to 
illustrate their influence in coverage, protection and clinical 
outcome. 

Evaluation of margins using the designed routines may 
help to choose more personalized margins for each case at 
the clinical practice, since this model may represent a good 
approximation for the case of circular collimators treat-
ments where targets are nearly spherical.  
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Abstract— An extrapolation chamber of type Bôhm 23329, 

initially designed for beta ray dosimetry, was embedded in a 
PMMA phantom with dimensions of 30 x 30 x 20 cm3 in order to 
be used for the dosimetry of high energy photon beams used in 
radiotherapy. The chamber was characterized at the Algerian 
Secondary Standard Dosimety Laboratory in  60Co gamma beams. 
The optimum parameters used for the determination of absorbed 
dose to water were determined for these beams.  

 
Keywords— Extrapolation chamber, dose to water, saturation 

I. INTRODUCTION  

The dosimetry of photon beams used in radiotherapy and 

contact-therapy is usually performed using a calibrated 

ionization chamber traceable to a Primary Standard Dosi-

metry Laboratory. Several authors reported the use of an 

extrapolation chamber for the calibration of high energy 

photon and electron beams1,2,3 as well as for low energy x-

rays4.  In order to get the absorbed dose to water, which is 
the quantity of interest in radiotherapy, the extrapolation 

chamber can be embedded in a tissue-equivalent phantom3. 

Before using it, this dosimetry system should be characte-

rized in order to find out the optimum parameters. 

II. MATERIAL AND METHODS  

In the present work, we have embedded an extrapolation 

chamber, initially designed for the calibration of beta rays, 

in a PMMA phantom.  

The sensitive air-volume of this extrapolation chamber, 

of type Bohm 23329, is controlled through the movement of 

the chamber piston. The electrode separation, determined by 

the displacement of the piston, is controlled by means of a 

micrometer which provides relative electrode separations z 
ranging from approximately 0.5 mm to 10.5 mm.  

The micrometer was calibrated using an electrical me-

thod and measuring the capacitance of the two plates form-

ing the polarizing and the measuring electrodes. The cham-

ber and its phantom was characterized at the Algerian 

Secondary Standard Dosimetry Laboratory of Algiers 

(AFRA Regional Designated Centre for French Spoken 

Countries since 2005), using a 60Co gamma unit of type 

ELDORADO 78 and x-rays with energies between 50 kV 
and 250 kV. The chamber was connected to a Keithey 6517 

programmable electrometer through a GPIB interface and 

homemade Labview software was used to collect the data. 

The standard deviation of the means was always less than 

0.02%. The electrometer response in the charge collection 

mode has been verified with a picoampere current source 

(model Keithley 263). This electrometer provides polarizing 

voltages up to 1000 V directly supplied to the chamber 

through a special set-up. 

III. RESULTS 

A. Stabilization time and saturation curves 

The time requested for the chamber to reach the stabi-

lized charge Qsat was studied and was found to depend upon 

the volume of air separating the polarizing and measuring 

electrode.  Indeed, after 30 minutes, Q/Qsat was found to be  

99.85%, 99.7% and 99.5% for 2mm, 4mm and 10 mm elec-

trodes spacing respectively, while this ratio became 99.9%,  
99.8%, 99.75% after 1 hour and 99.96%, 99.92% and 99.9% 

after 90 min (see fig. 1). This suggests to leave the chamber 

connected and polarized at least an hour before starting 

measurements.  Furthermore, the saturation effect was stu-

died as a function of the electrode separation z by polarizing 

the chamber from 0 V to 500 V for each value of z.  The 

results showed that past z=6 mm, the response of the cham-

ber depends strongly upon polarizing voltage. It was found 

that, for better results, the extrapolation chamber has to be 

operated with an electrical field of about 35 V/mm for Co-

balt-60 gamma beams (Fig. 2).  
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Fig. 1.  Stabilisation times 

 

 

Fig. 2.  Saturation curves 

 
 

B. Effective electrode area 

The electrode effective electrode area A was determined by 

associating an inherent capacitance to this extrapolation 

chamber considered as a plane parallel chamber. The 
capacitance C can be approximated by the expression for 

two infinitely large parallel conducting plates:  

0
  

   
  

Q AC
V d

                                                         (1) 

Where d is the separation between the conducting surfaces,  

à is the electrical permittivity constant (8.854 X 10-12  
F/M). By plotting d versus 1/C, we obtain a straight line 

given in figure 3, whose slope allowed us to calculate the 

effective electrode area. The diameter of the collecting 

electrode, was estimated to be 30.04 mm which compares to 

30 mm value given by the manufacturer. 

 

  

Fig. 3. Determination of the effective electrode area 

 
C. Absorbed dose measurements 

The PMMA embedded extrapolation chamber was used 

for the determination of the absorbed dose to PMMA as a 

first step. Then the absorbed dose to water was determined 

using a conversion procedure.  The obtained values at three 

SSDs of 70 cm, 80 cm and 100 cm  for field sizes from 8x8 

cm2 to 20x20 cm2   were compared to the values obtained 

with a plane parallel ionization chamber of type ROOS 
whose calibrated in terms of absorbed dose to water and 

applying the TRS 398 code of practice5 The results, illu-

strated in fig 4, showed differences less than 1 %. Which is 

less than the overall uncertainty on the absorbed dose to 

water when applying the TRS 398 dosimetry protocol. 

                                                                             
 
 

 
 

Fig. 4. Comparison between calibrated plane parallel ionization cham-

ber and extrapolation chamber measurements  

CONCLUSIONS: 

The PMMA embedded extrapolation chamber was cha-

racterized in a 60Co gamma beams and the optimum para-
meters were obtained. Applying these parameters the ab-

sorbed dose to water at different conditions was determined. 

Comparison with a calibrated ionization chamber showed 

differences less than the overall uncertainty over this ab-

sorbed dose. This demonstrates that the developed system is 
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suitable for calibrating 60Co gamma beams used in radiothe-

rapy. 
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Comparison of different evaluation programs for the verification of patient 
irradiations with tomotherapy 
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Abstract— Three different evaluation programs used to ve-
rify patient irradiations with tomotherapy were checked. All 
programs compare a planned dose distribution with the meas-
ured dose distribution using radiochromic film. The evaluation 
programs differ in quality, time effort and user friendliness. 

One evaluation program is offered by TomoTherapy Inc. 
and implemented in the Tomotherapy treatment planning 
station, the other two programs are in-house developments. 
The TomoTherapy solution is based on radiographic films. It 
could be shown that radiochromic films can also be used for 
the evaluation using the TomoTherapy treatment station, but 
this method has some drawbacks concerning user friendliness, 
time effort and quality. The scanned image files could not be 
applied directly, an extra computer program had to be written 
which converted the red channel of an RGB-Tiff image into a 
specific format used by the TomoTherapy planning station. 
The required marking on the film to show the location of the 
film introduces an uncertainty, which influences the  index 
and dose profile. In addition the program lacks the possibility 
to visualize 2D dose-difference images, so that the other two 
methods are more suitable. The two other programs EasyQ 
and the program based on direct Matlab routines use an au-
tomatic registration based on a least square minimization. 
They have quite similar results considering the absolute dose 
difference. The EasyQ program has the advantage to offer 
much more evaluation methods. Comparison of all three eval-
uation methods shows that the Matlab evaluation program is 
best suited for the verification of patient irradiations. Pro-
duced images are easy to understand and can be interpreted 
with little effort. The Matlab evaluation is the program used in 
clinical routine at our site. 

Keywords— Quality assurance, tomotherapy, radiochromic 
film. 

I. INTRODUCTION  

Irradiation techniques are becoming increasingly more 
complex and therefore treatment plans require a more so-
phisticated verification procedure. Considering IMRT irrad-
iation techniques like tomotherapy treatment plans must be 
verified by performing an individual measurement for each 
patient.  

Quality assurance (QA) for patient irradiations according 
to TomoTherapy Inc. (TomoTherapy, Madison, Wisconsin 
USA) requires radiographic film (EDR-2) in connection 

with a film developing device, the QA program of the To-
moTherapy treatment planning station  and a 16-Bit digitiz-
er by VIDAR DosimetryProAdvantage. There are high costs 
and disadvantages involved for therapy centers which have 
switched to radiochromic films (GafChromic EBT). The 
verification procedure used at the University Medical Cen-
ter in Hamburg consists of a treatment plan transferred to a 
phantom for dose calculation, EBT films as dosimeter and 
the comparison between these two resulting dose distribu-
tions using different criteria. IMRT treatment plans have 
been routinely evaluated using these films and self-written 
Matlab routines [1]. This technique was adopted to verify 
tomotherapy plans as well.  

In this paper three different evaluation programs are 
compared. First the program which is routinely used for 
verification at our site. It is called Matlab evaluation. 
Second a program which was as well developed at our site 
and adopted by the ESTRO (EQUAL ESTRO). It is called 
EasyQ. Third the delivery QA (DQA) software provided by 
TomoTherapy, which runs directly on the TomoTherapy 
planning station. It will be shown how this software can be 
applied to verify treatment plans using EBT films as well.  

II. MATERIALS AND METHODS 

A. Transfer of the treatment plan to the phantom 

The tomotherapy treatment plan (TP) is transferred to a 
cylindrical solid-water phantom (Cheese phantom, 30 cm 
diameter, 18 cm length, Gamex RMI, Middleton, Wiscon-
sin, USA) for dose calculation. To export the resulting dose 
distributions the tomotherapy unit creates two files: The 
first file (*.img) is an ASCII file of the dose distribution for 
one particular slice (coronal or sagital). The slice is chosen 
by manually clicking into the axial image of the phantom. 
The second file (*.header) contains necessary information 
about the plan such as the resolution of the calculated dose 
distribution. Only one slice can be exported from the TPS. 

 
B. Calibration and  irradiation of the radiochromic films 

As film serves the radiochromic film GafChromic EBT (ISP 
Inc., Wayne, New Jersey, USA). It consists of a monomer 
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which polymerizes upon irradiation. For film calibration, 
films were placed in a solid-water (RW3) phantom  called 
EasyCube (Euromechanics, Schwarzenbruck, Germany)  
and irradiated with the same number of monitor units neces-
sary to deliver different doses between 0.16-3.16Gy. After 
12h time delay, the films were scanned (e.g., ScanMaker 
8700, Microtek, Willich, Germany) and the scan values 
were correlated with the measured doses. The film calibra-
tion was performed at 6MV photons at a Linac (Siemens, 
Erlangen, Germany). 
For verification the cheese phantom was positioned accord-
ing to the treatment plan determined in Sec. II A. The irrad-
iation of the film is usually performed in either a coronal or 
sagittal plane of the cheese phantom. Simultaneous dose 
measurements with ionization chambers are possible during 
film irradiations (Cheese phantom). The films were scanned 
and stored as 48 Bit RGB Tiff images. 

 
C. Matlab evaluation 

In clinical routine a self-written Matlab program is used 
for quality assurance. In this program the generated *.img 
files (calculated dose distributions) and the red channel of 
48bit RGB Tiff images (measured dose distributions) are 
compared.  Since the position of the film is not marked (but 
the orientation) the Matlab evaluation determines the posi-
tion with the least deviation between measured and calcu-
lated dose distribution by an automatic registration based on 
a least square minimization method: 

,             (1) 
where  is a scaling factor considering different absolute 
doses. 

The results of these routines are five images, which can 
be used as a protocol in the patient file. These are the (1) 
calculated dose distribution, (2) the measured dose distribu-
tion determined from the evaluation of the red channel, (3) 
the absolute value of the difference between measured a 
calculated (complete range), (4) the absolute value of the 
difference scaled to 10% of the maximum value of the 
treatment planning and (5) the absolute difference scaled. 

D. EasyQ 

The program EasyQ [2] is based on the software 
MATLAB and consists of two parts. The first part is the 
shareware program CERR, which was developed by Deasy 
et al. and is available on the internet [3]. The second part is 
a self-developed quality assurance tool, with which calcu-
lated dose distributions can be compared to measured dose 
distributions. EasyQ imports the calculated dose distribution 
of one slice (*.img) and compares it to a measured dose 
distribution by importing the film data (*.tif). As for the 

Matlab evaluation the film position is shifted until the abso-
lute difference between calculated and measured dose is 
minimized. The program automatically extracts the red 
channel of the 48-bit RGB file. The two dose distributions 
can be compared to each other using different comparison 
criteria for quality assurance. Among these are the absolute 
difference , the  index and the  index histogram. 

 
E. TomoTherapy Planning Station 

Since the Planning Station normally uses radiographic 
film data digitized by a 16 Bit Vidar scanner the 48 Bit 
RGB Tiff images cannot be used directly. A self-written C 
program was written which reads out the red channel of the 
Tiff image and converts the red channel information into a 
special Vidar scanner format (*.dcm not DICOM). This 
format can be read by the planning station. All film data 
were handled like that. 

The main difference between the evaluations provided by 
TomoTherapy planning station and the preceding evaluation 
routines is the fact, that the exact position of the film has to 
be marked. During digitization one has to take care that 
these marks are not cut off. The planning station offers two 
different tools for evaluation: On the one hand the extrac-
tion of different dose profiles, which can be arbitrarily 
oriented within a CT slice, on the other hand the calculation 
and visualization of the  index distribution and histogram. 
It is not possible to work with difference images. 

III. RESULTS 

To compare the different evaluation methods several 
clinical cases were used, which were evaluated using all 
three programs. One prostate cancer case will be presented.  

A. Difference images 

A comparison of difference images reveals that Matlab as 
well as the EasyQ evaluations are quite similar (see Fig. 1). 
Since the Matlab evaluation works with difference images, 
but the TomoTherapy Planning Station does not a direct 
comparison between these two is not possible. In the fol-
lowing EasyQ and the Planning station are considered. 
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Fig. 1 Absolute value of the difference image determined with the Matlab 

evaluation (left) and  EasyQ (right).   

B. Dose distributions 

The evaluation of dose distributions of EasyQ shows a 
good agreement between calculation and measurement 
while the evaluation with the Planning Station reveals devi-
ations (see Fig. 2): There is a shift of the measured dose 
values to the left which can be explained on the one hand by 
uncertainties of the positioning of the film within the phan-
tom or of the markers on the film on the other hand is the 
display of the planning station not very accurate. 

  
Fig. 2 Cross-plane dose profile evaluated using EasyQ (top) and the To-

moTherapy Planning Station (bottom).  

 
Fig. 3 Visualization of the  index using EasyQ (left) and the Planning 

Station (right). 

C.  index 

Comparing EasyQ and the Planning Station considering 
the  index considerable differences are revealed. On the 
one hand one reason is the position difference shown in Fig. 
2. On the other hand the representation is different. The 
legend is by default subdivided in four bins (0.33;0.67;1;2). 
The number does not represent the upper limit but is si-
tuated somewhere in the middle of this bin. 

IV. DISCUSSION 

A. Matlab evaluation 

The evaluation using Matlab routines is fast and easy to 
handle. The resulting images needed for evaluation are 
automatically stored as *.jpg. It is only necessary to read in 
one calibration image per batch, which makes the procedure 
more time effective. The criteria whether the patient irradia-
tion passes the QA is easy to check. One has just to show 
whether the deviations in terms of percentage are within a 
certain limit. While irradiating the film the exact location of 
the film relative to the isocenter of the machine doesn’t 
have to be known, only the orientation (T,G,A,B) must be 
marked. Since the program chooses the position where the 
difference plots have the least deviation, it cannot be as-
sured the position with the least deviation is the correct 
location. But since a cylindrical phantom is used a deviation 
in the location of the target (wrong position) would also 
result in a dose deviation. A  index is not calculated since 
the deviation in location is not given. Another disadvantage 
is that a current Matlab version is required to use this pro-
gram. 
 
B. EasyQ 

The big advantage of using the EasyQ software is the 
choice of so many different evaluation methods. Methods 
applied by the Matlab evaluation (difference images) as 
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well as methods which are used by the TomoTherapy plan-
ning station (  index). Moreover, a lot of additional evalua-
tion methods are available, which are not discussed in detail 
here (NAT, NDD etc.) as well as different input data 
(DICOM, 3D dose matrices from BANG gel). The produced 
images can be stored as *.ps images or using the Matlab 
navigation storing in different formats is possible. As for the 
Matlab evaluation the exact location of the film relative to 
the isocenter is not necessary. It also detects the position 
where the difference between treatment planning data and 
experimental data (film) is minimized which has to be kept 
in mind if looking at the  index. Some features are not fully 
functioning yet. Only certain cross- or in-plane profiles can 
be depicted and cannot be chosen freely.  
 
C. TomoTherapy Planning Station 

The huge power of using the TomoTherapy planning sta-
tion is that treatment planning as well as evaluation is per-
formed on one machine. 

On the other hand there are a lot of disadvantages in-
volved. Since the delivery QA (DQA) software requires the 
special VIDAR scanner format (*.dcm) it is quite time con-
suming to prepare the images prior to evaluation. The 
VIDAR scanner cannot be used directly since this scanner 
can only handle grey-scale images but the radiochromic 
film is most sensitive if evaluating only the red channel. 

The effort to be done prior and after the irradiation must 
not be neglected. After positioning of the phantom the posi-
tions of the green lasers have to be marked on the film. If 
the film is scanned it has to be taken care that these markers 
are visible otherwise a registration of film measurement and 
planning data is impossible. According to the registration 
even small deviations of the correct position result in a large 
influence of the evaluation. There is no possibility to obtain 
2-dimensional difference images of the absolute dose, only 
1-dimensional profiles can be extracted. Percentage differ-
ences which are very important for the evaluation criteria 
are not depicted.  The representation of the  index is not 
clear since it is divided into four bins. The value given is the 
median value of each bin. There is no continuous represen-
tation which reduces the value of the  index. 

 
The procedure using the Matlab evaluation is well suited 

to verify treatment plans. Considering the absolute differ-
ence planned and measured data agree quite well (1-2 %). 
Only in high dose-gradient regions deviations are larger. 
But a lot of questions remain. There are no proper pass/fail 
criteria. Criteria like the  index are questionable since the 
verification is only performed in one plane. What happens if 
the film is tilted slightly out of plane? The routinely applied 
patient QA is only performed in one slice. Is that sufficient? 

The used cheese phantom has a length of only 18 cm, which 
means that long volumes up to 160 cm (neuroaxis irradia-
tions) cannot be completely verified in one plane. There is a 
lot of discussion going on in performing verification with-
out a film (e. g. with a matrix ionization chamber). It works 
fine if dose distributions are homogeneous but in high dose-
gradient regions the poor resolution of these devices might 
be a problem. 

CONCLUSIONS 

Three different evaluation methods which can be used to 
verify dose distributions using radiochromic film are com-
pared. The Matlab evaluation turns out to be the most effec-
tive and is the program which is used in clinical routine at 
the University Medical Center in Hamburg-Eppendorf. 
Although the EasyQ program has a lot more additional 
features these features are currently not used and not neces-
sary considering clinical routine only. Evaluations with the 
TomoTherapy planning software is also feasible but re-
quires additional self-written software.  
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Abstract— Photon beams in the energy range of keV are 
more cost effective and require less shielding efforts compared 
to MeV-photons or particle beams. The absent build-up effect 
for low-energetic X-rays however is challenging for percutane-
ous radiotherapy. In this work, we study a possible improve-
ment of the TCP-NTCP ratio (tumor control vs. normal tissue 
complication) by geometrically superimposing different colli-
mated beamlets. Furthermore, inducing gold (Au) particles 
into the cancerous tissue leads to a local dose enhancement by 
additional emission of low-energetic electrons. We analyze this 
setup with regards to its suitability for clinical use. The study 
is based on the example of the X-ray source Axxent S700 from 
Xoft Inc., which is sampled in a Monte Carlo calculation (Ge-
ant4). After developing a source model, irradiation with single 
beams from different directions and distances is simulated and 
the resulting dose kernels are stored. The weighting factors of 
the superposition are optimized using linear programming. 
These simulations are repeated for a tumor volume containing 
different dosages of gold. The results show that keV-photon 
irradiation alone does not seem to be suitable for external 
radiotherapy below the skin. In combination with dose en-
hancement, however, a two times higher dose to the tumor, 
compared to skin dose can be achieved. With narrow colli-
mation, a dose ratio of five is generated, though only in a very 
small focal volume. Since primarily the analysis of the local 
dose enhancement is promising, we suggest to further explore 
this method including a combination with intracavitary elec-
tronic Brachytherapy. 

Keywords— low energetic photons, build up effect, artificial 
dose enhancement 

I. INTRODUCTION  

Technological advance has lead to linac systems along 
with a wide spectrum of accessories enabling for very pre-
cise planning and application of highly tumor conformal 
radiation treatment with MeV-photons in today’s clinical 
routine [1]. However, with such high energetic radiation, a 
misplacement can cause serious side effects and those sys-
tems oblige major financial investments i.e. are only afford-
able for major hospitals. The costs of particle therapy facili-
ties are even several orders of magnitude higher, which will 
limit them to a few places worldwide in spite of the growing 
number of positive results. Systems for internal RT – radio-
active or electronic Brachytherapy – are much less expen-

sive, especially because they do not need sophisticated 
shielding, as they operate in the keV range. However, be-
cause of their emission characteristics in the total solid 
angle, those systems are of very limited flexibility in dose 
profile generation. All potential profiles must at least be 
cylindrically symmetric around the source or seed. Further-
more, an internal treatment whether intracavitary or endo-
scopic always provokes some kind of invasiveness, which is 
an additional e ort for the physician and an additional bur-
den for the patient compared to external RT. 

One possibility to make seeds respectively tubes direc-
tional would be the development of adequate collimators 
that can be mounted on top of the devices. Nonetheless this 
would still require inserting the source into the patient. 

A solution that combines all the advantages mentioned 
above, while coping with all the disadvantages is simulated 
in this work: The method utilizes a safe and a ordable X-
ray system for minimal invasive external radiotherapy in a 
directional and conformal manner. An artificial build-up 
effect is produced by superimposing di erent directional 
beams from various incident angles and distances. An opti-
mizer, based on a fast linear programming algorithm, serves 
as the kernel of a preliminary treatment planning system. 
Additionally, the local dose inside the tumor is enhanced by 
an increase in photon absorption (K-edge e ect) caused by 
gold particles injected into the tumor. 

 
Two major hypotheses are to be analyzed in this project: 

1. Is external radiation treatment with keV-photons with 
clinically acceptable results possible? 

2. Can atomic relaxation effects from tumor-induced high-
Z particles be used to significantly increase the local 
dose in the tumor volume? 

II. MATERIAL AND METHODS  

In regard of the necessary accuracy, the Monte Carlo par-
ticle transport method was chosen for a physically exact 
simulation of dose delivery. To be able to make conclusions 
as realistic as possible, a commercial X-ray source (Axxent 
S700, Xoft Inc., [2][3]) served as the particle production 
model for the Monte Carlo engine. A collimator with a 
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specific design was utilized to assure the directionality of 
the originally non-directional source. 

The Monte Carlo toolkit Geant4 (Version 4.9.0) [4][5] 
was used for simulation of the particle production, the direc-
tional emission as well as the body irradiation. An optimal 
treatment configuration could be derived from a linear pro-
gramming algorithm based on the GLPK-library. The result-
ing dose distribution with and without a possible enhance-
ment through photo- and Auger-electrons was evaluated 
using MATLAB (The MathWorks Inc., Version R2007b) 
and VGStudioMax (Volume Graphics GmbH, Version 
1.2.1) with regards to clinical suitability as well as spectrum 
of possible applications. 

 
The project was performed in 4 consecutive steps: 
 

At first the source itself with the collimator was imple-
mented and all particles exiting the collimator were stored 
into a phase-space file when crossing a predefined plane. 
Since exact simulation of the electron beam was not possi-
ble without knowledge of the secret commercial informa-
tion about materials, electric field properties and geometries 
of the source assembly, the simulation was initialized be-
hind the anode based on the published emission parameters 
of the source (TG43 protocol) [6][7]. Hence, the energy 
spectrum as well as the spatial intensity distribution in polar 
and azimuthal direction were modeled using the inverse 
sampling method. The published depth dose characteristics 
along with expected symmetries were later used for verifi-
cation of the source model. The collimator for directional 
irradiation was designed as a lead cylinder with 0.25cm wall 
thickness thus permitting only the particles in distal source 
direction to exit. All particles that traverse a plane located 
1cm behind the collimator opening were stored with their 
position and momentum direction in a phase-space file. This 
so called head model only had to be calculated once and 
then served as an input representing the collimated source to 
all further calculations (Figure 1).  

 

 
Figure 1: Setup and geometric parameters of the collimated source. 

In a second step the irradiation of a generic patient vol-
ume (water volume) is modeled. Single beam dose-kernels 
(energy deposit) from 13 di erent incident polar angles and 
5 different distances are stored (Figure 2). 

 

 
Figure 2: Definition of incident angles - Monte Carlo calculation was 
only necessary for incident-polar variation; dose-kernels from different 
incident-azimuthal angles were acquired using the cylindric symmetry 
(rotating around central beam axis). 
 
After the acquisition of the single beamlet dose-kernels, 

the mandatory analysis of the source model by comparison 
with measurement data could be done. The depth dose 
curve, spectral energy distribution and symmetry of the 
single dose kernel from 0 degree polar-angle were verified. 

 
In step three an optimization algorithm was implemented 

using the following linear objective function: 
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where )..1( kNk =  is the set of non-tumor voxels whereas 

)..( 1 lk NNk +=  is the set of voxels in the tumor. kD  

stands for the cumulative dose to the voxel k . Further, 

)..1( jNj =  is the set of single beamlets and kjK  marks 

the part of the dose-kernel of beamlet j  applied to the 

voxel k . pD  denotes the prescribed tumor dose. Finally 
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jw  are the weighting factors which are to be optimized for 

each beamlet. 
To keep the Monte Carlo calculation time low, the re-

maining incident-azimuthal-rotated beams were obtained 
during optimization by rotating the calculated dose kernels 
around the central beam axis, utilizing the cylindrical sym-
metry of the system. In this way, the optimization yielded 
optimal sets of weighting factors for the superposition of all 
single beams depending on a given tumor geometry and 
position. 
 

The last part contained the consideration of local dose 
enhancement e ects in the tumor caused by low energetic 
secondary electrons which are emitted due to photoelectric 
absorption and atomic relaxation e ects of artificially in-
jected heavy metallic particles. Hence, the same irradiation 
procedure was simulated again, this time with the assump-
tion of different dosages of gold atoms evenly distributed 
inside the tumor volume.  

III. RESULTS  

The symmetry of the spatial intensity distribution, the 
energy spectrum as well as depth dose characteristics 
matched the original measured data with a derivation of 
<1%, hence the source model showed its expected behavior. 

 
The optimization run took less than 15 minutes, however 

the superposition process i.e. the calculation of the final 
dose distribution by combination of the optimal weighted 
beams took up to about 5 hours, because it involved many 
read/write operations from and to the hard drive. 

 
The resulting dose distributions of the combined opti-

mally weighted beamlets can be seen in Figures 3-6. With a 
large collimator diameter of 0.5 cm, the depth-dose decrease 
could be limited compared to a single beam, but the graph 
still shows a similar exponential decay (Figure 3). When 
changing to a very narrow collimation (0.1 cm diameter) 
and therefore eliminating all beam overlap at skin level, a 
slight increase in dose at tumor depth compared to the re-
gion before could be observed, however the dose to skin is 
still higher (Figure 4). 

 
With the induced gold atoms, the dose to tumor escalated 

and showed higher values than the other regions. Figure 5 
shows the result of the irradiation with large collimation 
(0.5 cm) and a gold fraction of 0.914 % in the tumor vol-
ume. Here, the dose at tumor surface was roughly twice as 
large as the dose at skin surface. With the small collimator 
(0.1 cm) and the same gold fraction, the dose in a very small 
focal volume of 8 x 8 x 16 mm was 5 times higher than the 
skin dose (Figure 6). 

 
Figure 3: Dose (normalized) vs. Depth [mm], collimator diam.: 0.5 cm, 
no gold 
 

 
Figure 4: Dose (normalized) vs. Depth [mm], collimator diam.: 0.1cm, 
no gold  
 

 
Figure 5: Dose (normalized) vs. Depth [mm], collimator diam.: 0.5 cm, 
gold dosage: 0.914 % 
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Figure 6: Dose (normalized) vs. Depth [mm], collimator diam.: 0.1 cm, 
gold dosage: 0.914 % 

 

IV. DISCUSSION  

Two main questions were dealt with: whether external 
keV-photon irradiation is suitable for cancer treatment be-
low the skin and the evaluation of the effect of local dose 
enhancement caused by artificially tumor-injected material 
with large atomic numbers. The work was done based on 
the example of a real X-ray source which was already avail-
able for other applications in radiotherapy. 

 
The results lead to the following conclusions: The source 

can be accurately simulated with a head model that samples 
the photon emission at the tip of the anode according to the 
published TG43 data. Collimation can be virtually gener-
ated by defining a cylindrical lead body around the source 
in the MC simulation. This method is sufficient to achieve 
directionality in the radiation process. The problem can be 
formulated as an optimization task with a linear objective 
function. This optimization algorithm is able to find an 
optimal set of weighting factors in approximately <15min. 
Regarding the two underlying hypotheses, this project 
showed that it is not possible to obtain a satisfying ratio of 
dose to tumor and dose to skin with the concept of overlap-
ping external keV-beams alone. In this setup (TD=50 mm), 
it was not even possible to gain a factor of tumor dose per 
skin dose larger than one. With the support of the local 
dose-enhancement effect through increased low-energetic 
secondary electrons, a tumor dose which is two times higher 
than the dose to the skin could be generated. However, the 
treatment window in this case was only about 10 mm or less 
in depth. Thus, with this method only tumors in surface 
proximity (depth <50 mm) and with small diameters (max. 

10 mm) can be irradiated adequately. Consequently, exter-
nal irradiation with keV-photons seems to be unqualified for 
curative treatment of non-superficial cancer. It could be 
analyzed, if percutaneous palliative treatment is possible 
with this method. The investigated local dose-fortification 
effect however, appears to be a promising candidate for 
combination with intracavitary or endoscopic Brachyther-
apy. 

Future research on this topic should focus on improving 
the optimization algorithm, as well as the use of directional 
sources, as this treatment has the potential to mark a signifi-
cant step toward a selective radiotherapy, only affecting the 
cells that belong to the tumor. In this scope potential fields 
of application of such new methods are to be identified and 
analyzed. This also implicates further interest in microdo-
simetric properties and the biological effects of the applied 
dose. 

 

REFERENCES 

1. Bortfeld T (2006) IMRT: a review and a preview. Phys Med Biol 
51(13):R363–R379  

2. Rivard M J, Davis S D, DeWerd L A et al (2006) Calculated and 
measured brachytherapy dosimetry parameters in water for the Xoft 
Axxent X-ray source: an electronic brachytherapy source. Med Phys 
33(11):4020–4032  

3. Liu D, Poon E, Bazalova M et al (2008) Spectroscopic characteriza-
tion of a novel electronic brachytherapy system. Phys Med Biol 
53(1):61–75 

4. Agostinelli S, Allison J, Amako K et al (2003) G4-A simulation 
tookit. Nuclear Instruments and Methods in Physics Research Section 
A: Accelerators, Spectrometers, Detectors and Associated Equipment 
506(3):250–303 

5. Allison J, Amako K, Apostolakis J et al (2006) Geat4 developments 
and applications. IEEE Transactions on Nuclear Science 53(1):270–
278 

6. Nath R, Anderson L L, Luxton G et al (1995) Dosimetry of interstitial 
brachytherapy sources: Recommendations of the AAPM Radiation 
Therapy Committee Task Group No. 43. Med Phys 22(2):209–234 

7. Rivard M J, Coursey B M, DeWerd L A et al (2004) Update of 
AAPM task group no. 43 report: A revised AAPM protocol for 
brachytherapy dose calculations. Med Phys 31(3):633–674 

 
 

CORRESPONDING AUTHOR 

Author: Markus Petersheim 
Institute: Institut für Experimentelle Strahlentherapie, 
 Klinik für Strahlentherapie und Radioonkologie, 
 Universitätsmedizin Mannheim, Universität Heidelberg 
Street: Theodor-Kutzer-Ufer 1-3 
City: 68167 Mannheim 
Country: Germany 
Email:  markus.petersheim@medma.uni-heidelberg.de 

 

812 M. Petersheim, J. Hesser, and F. Wenz

 IFMBE Proceedings Vol. 25  



Monte Carlo benchmarking of a CCC-based treatment planning system in case of 
irregularly shaped fields 

A.M.L. Olteanu1, R.P. Srivastava1, N. Reynaert2, C. De Wagter1 and W. De Neve1 

1 Gent University Hospital, Radiotherapy Department, Gent, Belgium  
2 Oscar Lambret Hospital, Radiotherapy Department, Lille, France 

Abstract— Advanced radiation techniques, like intensity 
modulated radiotherapy (IMRT) and intensity modulated arc 
therapy (IMAT), are based on small, elongated and highly 
irregular field shapes. In our study we use in-house developed 
Monte Carlo software to investigate the accuracy of a com-
mercial available treatment planning system (Pinnacle, Philips 
Medical Systems, Best, The Netherlands) in calculating the 
dose distribution for irregular fields. Pinnacle calculates the 
dose distribution using the collapsed cone convolution (CCC) 
algorithm. The analysis of the considered beams showed that 
the differences in flattening filter, leaf tip and tongue-and-
groove modeling introduce important discrepancies between 
Pinnacle and MC results for single irregular fields. Therefore, 
great attention should be given to the degree of irregularity 
and to the number of this type of beams included in the treat-
ment plans. A benchmark tool, like MC simulations or mea-
surements, should be used to verify treatment plans with high 
irregular beams. 

Keywords— irregular field, Monte Carlo, IMRT, arc therapy 

I. INTRODUCTION  

Advanced intensity modulated radiotherapy techniques 
allow the creation of beam shapes conformal to the target 
and critical structure contours. In the case of arc therapy 
techniques, during which the radiation is kept continuously 
on while the beam changes the shape and orientation, one 
can create in theory an infinite number of beam directions. 
The consequence of this freedom is the use of many small, 
elongated and highly irregular beam shapes. The dose esti-
mation accuracy of different measurement and calculation 
methods for small fields has been studied before by many 
research groups (e.g. Alfonso et al 2008, Crop et al 2007), 
but no standard protocol has been established yet. 

Although small field measurements are included in the 
commissioning of current commercial treatment planning 
systems (TPS), the tuning of all the TPS parameters is a 
trade-off between large and small fields, on-axis and off-
axis field calculation accuracies. Georg et al concluded that 
for moderately irregular beam shapes the output ratios in air 
can be accurately estimated by combining the equivalent 
square method (Vadash et al 1993) with a method based on 
the open field aperture. The same study showed that, when 

the central part of the flattening filter was blocked, large 
discrepancies occur (up to 6%).  

Francescon et al 2002 verified the collapsed cone convo-
lution (CCC) algorithm implemented in Pinnacle (version 
6.0i, Philips) for two different treatment sites planned for 6  
MV intensity modulate therapy (IMRT) and two 6 MV 
moderately irregular beams. For one of the two studied 
beams they obtained an overestimation of 8% of the dose by 
Pinnacle. The influence of the observed discrepancies had 
insignificant effect on the complete plan dose distribution. 
An important dose calculation error, with significant influ-
ence on calculations for irregular fields, has been reported 
for the previous Pinnacle versions (Olteanu et al 2008) and 
corrected in the latest physics module (from version 7.4f 
up). The reported error had been observed for an Elekta 
SL18 accelerator (Elekta, Crawley, UK) for the case in 
which the back-up jaws were opened beyond the leaf posi-
tions. The overestimation of the dose for the analyzed irre-
gular field was varying up to 18%.  

In our study the current commercially available version 
of Pinnacle (version 8.0m, Philips Medical Systems, Best, 
The Netherlands) was used to calculate the dose distribu-
tions of highly irregular beams frequently present in intensi-
ty modulated arc therapy plans (IMAT). An in-house devel-
oped Monte Carlo simulation software, Monte Carlo dose 
engine (MCDE, Reynaert et al 2004) was used to evaluate 
the CCC results. In this paper we will present the results 
obtained for three irregular beams, as they are representative 
for the purpose of this paper. 

II. METHODS AND MATERIALS 

For irregular field shapes, Pinnacle determines the output 
factors by the minimum area of the circumscribing rectan-
gle, obtained by rotating a rectangle around the field shape 
and finding the rotation that provides the minimum area. 
For complicated shapes with severe and multiple protru-
sions the algorithm presents some difficulty due to the rela-
tive amount of unexposed area within the minimum circum-
scribing rectangle (Pinnacle3 Physics Reference Guide, 
2004). 
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MCDE uses BEAMnrc to model the linear accelerator 
and DOSXYZnrc to model the patient/phantom and perform 
the dose calculations. DOSXYZnrc was reprogrammed and 
implemented as a component module inside BEAMnrc. In 
MCDE a single phase-space is scored immediately down-
stream the mirror independently of the beam components. 
The simulations are performed on a Linux PC cluster con-
taining 34 PC’s with dual Xeon 2.4 GHz processors and 
each of the cluster’s nodes stores a part of the above men-
tioned phase-space file in order to avoid the transfer of a 
large file through the intranet. MCDE uses the multileaf 
collimator MLCE module which includes the tongue-and-
groove geometry (Van de Walle et al 2003). Measurement 
verification of MCDE was previously conducted for 6 and 
18 MV photon beams using different tissue equivalent 
phantoms (Reynaert et al 2005, Vanderstraeten et al 2006). 
MCDE has been used as a quality assurance tool for IMAT 
(Olteanu et al 2006). 

Pinnacle has been found to be in clinically acceptable 
agreement with MCDE and diamond detector measurements 
for small field sizes of 1x2 cm2 and 0.8x2cm2 on- and off-
axis, but these very small field sizes are not included in 
IMAT or IMRT plans (unpublished work). 

All the calculations presented in this paper were done for 
beams designed for the Elekta SL18 accelerator (Elekta, 
Crawley, UK), which incorporates the standard collimator 
(MLC) as a tertiary collimator placed upstream to both jaw 
pairs. An in-house developed polystyrene slab phantom 
(CARPET, Gillis et al 2005) was used in our study. CT 
images of the phantom were introduced in both dose calcu-
lation engines and the phantom interior was assumed to be 
water (1 g/cm3). The isocenter was placed in the middle of 
the phantom at 10 cm depth, except where otherwise speci-
fied. The quality of the beams was 18 MV.  

The two beams analyzed by Francescon et al 2002 were 
adapted for the Elekta SL18 linac, which however requires a 
1 cm distance between opposing and diagonally opposing 
leaf pairs (figure 1a). The aim was to investigate if the dif-
ferences between Pinnacle and MC are the same as reported 
by them for previous Pinnacle versions. Another highly 
irregular beam (figure 1b) was also analyzed and the calcu-
lated results were compared to EBT film (International 
Specialty Products, NJ, USA) measurements in parallel 
geometry. The isocenter of this beam was shifted laterally 
from the center of the phantom in order for the entire field 
to be included in the phantom. 

 
 
 

 

Fig. 1a Beam outline of the first and second studied beams (taken from 
Francescon et al 2002). Distances are indicated at isocenter level. 

 

Fig. 1b Beam outline of the third studied beam. The presented 1D lateral 
and depth profiles were taken along the continuous black lines perpendicu-

lar to the leaf movement direction and at the point represented at 1.6 cm 
below the isocenter. Distances are indicated at isocenter level. 

 
1D absolute dose profiles and 2D gamma profiles were 

used to compare Pinnacle and MCDE dose maps at different 
depths. Low’s γ index (Low et al 1998) was also calculated 
in 3D (dose difference criterion = 3%, distance to agreement 
(DTA) = 1 mm). When two calculation engines are com-
pared there is no positioning error and so a DTA of 1 mm 
should be considered. Low et al 2003 demonstrated that the 
presence of noise in the evaluated dose map leads to the 
underestimation of the γ distribution relative to no-noise 
situation. To avoid this, the MCDE dose maps were used as 
reference. 

III. RESULTS AND DISCUSSION  

The 1D profiles (figure 2) along the leaf movement di-
rection for the 3 studied beams showed differences of less 
than 3% at 5 and 10 cm depth and less than 4% at 15 cm 
depth. Because the distance between the opposing leaves 
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was always less than or equal to 2 cm for all the 3 beams, a 
cause of discrepancies are Pinnacle uncertainties in evaluat-
ing the penumbra region.  
 

 

Fig. 2 MCDE and Pinnacle isocenter profiles perpendicular to the leaf 
movement direction for beam 1 (shown in figure 1a). Comparison is made 

at 3 different depths: 5, 10 and 15 cm. 

The comparison with EBT film (figure 3) shows that 
MCDE follows closer than Pinnacle the measured profiles. 
Also it has to be taken into account that there are some 
small inaccuracies in leaf positioning during delivery and 
these can affect the profiles especially for such small dis-
tances between opposing leaves. The discrepancies between 
Pinnacle and measurements are clinically acceptable. 

From the analysis of the depth profiles for these beams 
we observed significant differences between MCDE and 
Pinnacle when the distance between the collimating compo-
nents (MLC leaves, jaws) was approximately 1 cm. Figure 5 
shows an example of such a depth profile made at 1.6 cm 
below the isocenter. These discrepancies could have been 
caused also by the differences in leaf tip and tongue-and-
groove modeling. The profile taken along the leaf direction 
of movement (figure 5) sustains the fact that Pinnacle over-
estimates the dose at field edges. 

In the regions covered by leaves, but not by the back-up 
jaws, Pinnacle also overestimates the dose. The gamma 
plots (figure 4) showed that this difference is not significant, 
as gamma values are less than 1. On the other hand, near the 
field edges the gamma values show a significant difference.  

 
 
 
 
 

 
Fig. 3 EBT film, MCDE and Pinnacle profiles perpendicular to the leaf 

movement direction for beam 3 (profile positions specified in figure 1b) 
 
 
 

 
 

Fig. 4 Gamma 2D map (beam’s eye view at the isocenter level) for 
beam 3 (figure 1b). 
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Fig. 5 MCDE and Pinnacle profiles along the leaf movement direction 
(above) and depth profiles through the point specified in figure 1b (below) 
for beam 3. 

IV. CONCLUSIONS  

The differences observed for the studied beams show that 
the differences in flattening filter, leaf tip and tongue-and-
groove modeling introduce important discrepancies between 
Pinnacle and MC. As a matter of fact, as the number of 
highly irregular beams is not large these discrepancies are 
not observed in the complete treatment plans. Therefore, 
great attention should be given to the degree of irregularity 
and to the number of this type of beams. We would also like 
to mention that the use of the last physics model in Pinnacle 
(Pinnacle3 versions from 7.4f up) is mandatory for accurate 
calculations. Treatment plans containing highly irregular 
beams should be verified by a benchmark tool, like MC 
simulations or measurements.  

REFERENCES  

 
1. Alfonso R, P. Andreo, R. Capote et al. (2008) A new formalism for 

reference dosimetry of small and nonstandard fields Med. Phys. 35 
(11) : 5179-5186 

2. Crop F, N. Reynaert, G. Pittomvils et al. (2007) Monte Carlo model-
ing of the ModuLeaf miniature MLC for small field dosimetry and 
quality assurance of the clinical treatment planning system Phys. 
Med. Biol 52: 3275-3290 

3. Vadash P. and B. E. Bjarngard (1993) ‘An equivalent square formula 
for head scatter factors  Med. Phys. 20: 733–734   

4. Francescon P., Cora S., Chiovati P. (2003) Dose verification of an 
IMRT treatment planning system with the BEAM EGS-based Monte 
Carlo code Med Phys 30 (2) : 144-157 

5. Olteanu A M L, Srivastava R, Pittomvils G, Coghe M, De Wagter C  
Pinnacle User Meeting 13 Feb. 2008, Amsterdam, Netherlands 

6. Reynaert N, De Smedt B, Coghe M, Paelinck L, Van Duyse B, De 
Gersem W, De Wagter C, De Neve W  and Thierens H (2004) 
MCDE: a new MonteCarlo dose engine for IMRT Phys. Med. Biol. 
49: 235-241 

7. Van de Walle J, Martens C, Reynaert N, Palmans H, Coghe M, De 
Neve W, DeWagter C and Thierens H  (2003) Monte Carlo model of 
the Elekta SLiplus accelerator: validation of a new MLC component  
module in BEAM for a 6 MV beam Phys. Med. Biol. 48: 371–85 

8. Reynaert N, Coghe M, De Smedt B, Paelinck L, Vanderstraeten B, De 
Gersem W, Van Duyse B, De Wagter C, De Neve W  and Thierens H 
(2005) The importance of accurate linear accelerator head modeling 
for IMRT Monte Carlo calculations Phys. Med. Biol. 50: 831-846 

9. Vanderstraeten B, Chin P W, Fix M, Leal A, Mora G, Reynaert N, 
Seco J, Soukup M, Spezi E, De Neve W and Thierens H (2006) Con-
version of CT numbers into tissue parameters for Monte Carlo calcu-
lations: a multi-centre study Phys. Med. Biol. 52: 539–562 

10. Olteanu A M L, Reynaert N, De Gersem W, De Smedt B, De Wagter 
C, De Neve W. and Thierens H (2006) Monte Carlo simulation of in-
tensity modulated radiotherapy plans Abstract book of the first Euro-
pean Workshop on Monte Carlo treatment planning p 75 

11. Gillis S, Samuel Bral, Carlos De Wagter et al. (2005) Evaluation of 
the Sinmed Mastercouch(R) as replacement for a standard couch Ra-
dio. Oncol. 75: 227-236 

12. Low A. D., William B. Harms, Sasa Mutic and James A. Purdy 
(1998) A technique for the quantitative evaluation of dose distribu-
tions" Med. Phys. 25 (5): 656-661 

13. Low A. D. and James F. Dempsey (2003) Evaluation of the gamma 
dose distribution comparison method Med. Phys. 30 (9): 2455-2464 

 
 

Corresponding Author:  Luiza A. M. Olteanu 
Institute:    Gent University Hospital, Radiotherapy  
    Department  
Street:   De Pintelaan 185 
City:   Gent 
Country:   Belgium 
Email:     luiza79@gmail.com 

816 A.M.L. Olteanu et al.

 IFMBE Proceedings Vol. 25  



Radioiodine Biokinetics and Dosimetry in Patients with Differentiated Thyroid 
Carcinoma and Renal Insufficiency 

 
L.S. Veloza1, L.J. Rojas2, M.G. Stabin3, G. Garavito2 and A.E. Llamas4 

1 Universidad Nacional de Colombia, Grupo Física Médica, Bogotá, Colombia  
2 Instituto Nacional de Cancerología, Grupo Endocrinología, Bogotá, Colombia 

3 Vanderbilt University, Department of Radiology and Radiological Sciences, Nashville, Tennessee 
4 Instituto Nacional de Cancerología, Grupo Medicina Nuclear, Bogotá, Colombia

Abstract— Iodine 131 is used in thyroid cancer patients as a 
treatment to ablate normal thyroid remnants after total thy-
roidectomy, and to treat patients with persistent or recurrent 
disease. This can be challenging in patients also suffering from 
kidney failure because of the reduced clearance rates of the 
normally excreted substances including iodine, making the 
selection of the appropriate iodine administered activity more 
difficult. This paper reports the radioiodine uptake and elimi-
nation from whole body, stomach and lungs and the absorbed 
doses to organs and tissues of two patients with end stage renal 
disease who were on dialysis at the time of their treatment. 
One of the patients (Patient A) stopped thyroid hormone 4 
weeks before the therapy while the other patient (Patient B) 
received recombinant human thyrotropin (rhTSH) to achieve 
an elevated TSH. The optimal amount of activity of radioi-
odine was determined to avoid overcoming the maximum 
tolerated red marrow dose. 

Keywords— radioiodine biodistribution, thyroid carcinoma, 
renal failure, internal dosimetry, rhTSH recom-
binant human thyrotropin. 

I. INTRODUCTION  

Radiation dose assessment for iodine 131 (131I) adminis-
trations allows determination of the toxicity, efficacy and 
feasibility of iodine therapy for patients with end stage renal 
disease (ESRD) on a dialysis program. When renal function 
is normal, the effective half-time of iodine in patients with 
total thyroidectomy is approximately 6 to 14 hours [1], but 
in patients who also suffer renal insufficiency, kinetics may 
vary because the iodine is mostly eliminated by the kidneys, 
and use of patient-specific dose assessment is important. 

The patient-specific dosimetry protocol includes the ad-
ministration of a tracer (diagnostic) amount of the radionuc-
lide and the application of a dose calculation methodology 
[2]. This protocol is easy to perform in routine clinical prac-
tice and has the advantage that can be done on an outpatient 
basis. Two types of data are needed:  

• The dose conversion factors, which are related to the 
geometric body modeling (size and shape of the organs 

and the distance between them), the composition of the 
absorbing and intervening media and the type of 
radionuclide (physical half-life, emissions). 

• The number of disintegrations in all important source 
regions [3], which reflects the biologic behavior of any 
radiopharmaceutical compound. The cumulated 
activities in whole-body, lungs and stomach are 
calculated using Region of Interest quantitative whole 
body (WB) scans and WB transmission images using 
Cobalt 57 (57Co). 

The tracer dose of 131I is given with an elevated TSH 
above 30 mU/l achieved with a 4 week thyroxine withdraw-
al period, but recently also after injections of recombinant 
human TSH (rhTSH, Thyrogen® Genzyme). This last me-
thod prevents the patient from experiencing the symptoms 
of the hypothyroid state when the thyroid hormone is 
stopped. The rhTSH is approved in North America to treat 
low risk patients and for diagnostic whole body scans, as a 
useful tool to facilitate the treatment and follow up of pa-
tients with differentiated thyroid cancer [4]. 

The absorbed dose in bone marrow is one of the major 
limiting factors for the amount of the therapeutic iodine 
activity that can be safely administered to a given patient 
because the maximum tolerated red marrow dose is 2 Gy. 
Another constraint is a maximum whole-body retention of 
4.44 GBq (120 mCi) at 48-h [5]. 

Here we described the biokinetics and dosimetry in two 
patients with papilar carcinoma and renal insufficiency. 

II. MATERIALS AND METHODS 

A. Patients 

The first  patient (Patient A) is a 64 year old woman with 
chronic renal insufficiency due to hypertensive nephropathy 
and papillary thyroid carcinoma T3N0M0 treated with total 
thyroidectomy and a therapeutic iodine administration based 
upon the results of dosimetry with 148 MBq (4 mCi) 131I. 
She was advised to stop thyroxine treatment for 4 weeks. 
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The second patient (Patient B) is a 31 year old woman on 
chronic peritoneal dialysis to treat an ESRD secondary to 
lupus nephropathy. During surgery for tertiary hyperpara-
thyroidism she was diagnosed with a papillary thyroid can-
cer. It was classified as T1N1aM0 and treated with total 
thyroidectomy. She received 150 mCi of 131I as a comple-
mentary method to ablate the remnants. During the follow 
up there was persistence of the disease, evidenced only by 
thyroglobulin levels, so a second therapeutic iodine admin-
istration was approved under exogenous TSH stimulation. 
She received 0.9 mg of intramuscular rhTSH as a single 
injection, and 3 days after she was orally administrated with 
148 MBq (4 mCi) 131I. 

Both patients were instructed to follow a low-iodine diet 
for 1 week before and 2 days after 131I oral administration. 

B. Dosimetry procedure 

The internal dosimetry procedure consisted of three 
phases: collection, analysis and processing of data [6]. 

Data collection: WB scan images were acquired with a 
dual-head gamma camera (ECAM, Siemens) connected to a 
computer (ICON, Siemens). High-energy parallel-hole 
collimators were used with a 15% energy window, centered 
at 364 keV for 131I, a 256 x 1024 matrix and a scan speed 
of 12 cm/min.  The detectors were placed in vertical 
positions 180 opposed to each other. The first image was 
acquired after iodine administration at 2 h (after urinary 
elimination) and repeated at 4, 24, 48, 72 or 96 h. 
Transmission images were realized using a 57Co flood 
source with high energy collimators in the same conditions 
of whole body images, 15% energy window centered at 122 
keV. The images were acquired with and without the 
presence of the patient before iodine administration. 

Analysis: Regions of Interest (ROIs) for the whole body, 
lungs and stomach were defined over the scan and transmis-
sion images were obtained (Figure 1). The background was 
quantified with ellipsoidal ROIs drawn in the tissue sur-
rounding the organs. To determine the Fraction of Injected 
Activity (FIA) we divided the activity in the organ AROI   by 
the total administered activity A0. The conjugate view 
counting method [2] was used to quantify the activity in the 
organ:  

 

  (1) 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Images patient A (top) and B (bottom) 

Where: 
µI is the effective total linear attenuation coefficient of 131I 
(0.0982 cm-1), 
IA (IP) is the background corrected counting rate in the ante-
rior (posterior) organ ROI, 
C is the calibration factor of the collimator-detector system 
(70.5± 0.5 counts/min/uCi images patient A, 65.1±1.8 
counts/min/uCi images patient B), determined using an 131I 
standard placed beside the patient during the scan, 
d is the patient thickness through the ROI, determined with 
the transmission images using the effective linear attenua-
tion coefficient of 57Co (0.1210 cm-1). 

Each time-FIA curve was adjusted to exponential func-
tions with constant transfer coefficients. The number of 
disintegrations (N) in each organ was obtained by the inte-
gration of this curve, assuming physical decay beyond the 
last data point (Table 1). 
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Processing: The mean absorbed dose D per unit adminis-
tered activity is given in the MIRD schema by MIRD for-
mula: 

  (2) 

Where DF represents the dose factors for iodine 131 [3]. 
We used the OLINDA/EXM-1.0 ® [7] code to obtain the 
dose estimates, modifying the adult woman phantom mass 
to obtain a patient-specific absorbed doses (Table 2).  

III. RESULTS 

In both patients the whole body data are well fit with a 
one-compartmental model with one clearance phase (figure 
2a), the stomach is fit with a three-compartmental model 
with one phase of uptake and two phases of clearance (fig-
ure 2b) and the lungs are adjusted to a bi-compartmental 
model with two clearance phases (figure 2c). 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 2a. FIA of Whole Body in patient A (FIAWB=1e-0.0103t) and patient B 
     (FIAWB =1e-0.0175t) 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 2b. FIA of Stomach in patient A (FIAS=0.103e-0.00943t – 0.264e-0.859t 
+0.162e-0.0824t) and patient B (FIAS=0.41e-0.11t – 0.48e-0.35t +0.06e-6.7x10-9 t) 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
Fig. 2c. FIA of lungs in patient A (FIAL =0.089e-0.689t + 0.05e-0.00898t) and 
patient B (FIAL =0.0827e-0.0183t + 0.380e-1.32 t) 

 
The numbers of disintegrations (normalized to the activi-

ty administered) are reported in Table 1. The mean effective 
131I half life is 69 h in patient A and 40 h in patient B.  
These times are higher than in patients with thyroid carci-
noma and normal kidney function (6 to 14 hours). 

 
Table 1 Normalized Numbers of Disintegrations (MBq-h/MBq admi-

nistered) in Three Source Organs 
 

Organ Patient A Patient B 

Whole body (NWB) 134.5 89.8 

Stomach (NS) 21.5 26.0 

Lungs (NL) 
 

8.7 9.8 

 
The absorbed doses obtained with OLINDA/EXM for 

some organs, multiplying the phantom organ masses for the 
adult female by the factor 0.76 in patient A and 0.88 in 
patient B, are reported in Table 2. An estimate of the thera-
peutic administered activity was obtained using two limiting 
factors [5]: the absorbed dose by the red bone marrow must 
not exceed 2 Gy to decrease the likelihood of severe mar-
row depression and the whole-body retention at 48 h should 
not exceed 4.44 GBq (120 mCi). This was shown to prevent 
release of 131I-labeled protein into the circulation from 
damaged tumor.  

In the patient A the maximum tolerated activity level ob-
tained was 117 mCi (4329 MBq) and in the patient B was 
248 mCi (9174 MBq).   
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Table 2 Absorbed Doses 
 

IV. CONCLUSIONS  

In patients with renal insufficiency, the longer mean ef-
fective half-life is mainly due to delayed renal excretion of 
131I. The times of residence in whole body τ WB and sto-
mach τ S are higher than in healthy, euthyroid subjects (thy-
roid uptake 15% - 25%), according to ICRP 53[8]: 
τ WB=36h–61 h, τ S=1.66 h. 

Patient-specific dosimetry should be used for all patients, 
and particularly unusual subjects, to determine the safe and 
effective dose of 131I to be given in thyroid cancer patients 
with renal disease. 

Moreover, dosimetry confirms the fact that using rhTSH 
is a plausible method to reduce the amount of radiation to 
which the body is exposed as compared to thyroxine with-
drawal [9]. The explanation for this phenomenon may lie in 

the lower renal clearance for hypothyroid patients than for 
euthyroid patients. 
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Organ Absorbed doses 
(mGy/MBq) 

Patient A 

Absorbed doses 
(mGy/MBq) 

Patient B 

Breasts 0.44 0.23
Stomach Wall 6.92 7.88
Heart Wall 0.60 0.36
Liver 0.55 0.30
Lungs 1.88 1.82
Ovaries 0.52 0.25
Pancreas 0.88 0.65
Red Marrow 0.46 0.22
Spleen 0.69 0.46
Thyroid 1.20 0.65
Uterus 0.52 0.25
Total Body 0.52 0.29
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Developments in MRI-based radiation treatment planning 

T. Stanescu, C. Kirkby, K. Wachowich, and B.G. Fallone 
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Abstract— The objective of this work is to develop a com-
prehensive radiation treatment planning (RTP) procedure for 
the therapy of cancer sites based solely on magnetic resonance 
imaging (MRI), MRI-based RTP. We also investigate the ap-
plications of this procedure to a linac-MR system, i.e. a 6 MV 
therapy accelerator coupled to a bi-planar 0.2 T permanent 
magnet. The proposed technique consists of a) correction of 
MR images for scanner-related and patient-induced distor-
tions by using phantom measurements and numerical simula-
tions, respectively, b) segmentation of anatomical structures 
relevant to dosimetric calculations (i.e. soft-tissue, bone and 
air), c) conversion of MR images into computed tomography 
(CT)-like images, by assigning bulk CT values to anatomical 
contours, along with RTP dose calculations, and d) CT+MRI 
and MRI-based treatment plan comparison. In addition, for a 
linac-MR system the RTP dosimetric calculations were per-
formed in the presence of a 0.2 T external magnetic field. Both 
scanner-related and patient-induced distortion fields were 
determined. Treatment plans were generated to validate the 
MRI-based RTP procedure. 

Keywords— MRI-based radiation treatment planning, linac-
MR. 

I. INTRODUCTION  

In recent years, there has been a growing interest in de-
veloping advanced techniques for the radiation treatment 
planning (RTP) of cancer sites based solely on the informa-
tion provided by magnetic resonance imaging (MRI), i.e. 
MRI-based RTP [1-3]. The current most common RTP 
procedure is based on (a) CT image information only, i.e. 
contour definition and intrinsic CT values used for dose 
calculations, or (b) CT+MRI, the additional MR image 
information being used for improving the soft-tissue tar-
get/organs-at-risk definition. Considering MRI`s excellent 
soft-tissue contrast and its non-invasive characteristics as 
compared to CT, the MRI-based RTP would be the ideal 
technique. By eliminating any incidental errors caused by 
patient inter-procedure positioning and image fusion, MRI-
based RTP is expected to lead to an improved target locali-
zation and consequently to a higher local tumor control and 
reduced normal tissue complications. However, it is recog-
nized that MR images suffer from scanner-related and pa-
tient-induced distortions that alter the accurate representa-
tion of anatomical topography, i.e. spatial location and 

relative intensity. The system-related distortions are mainly 
generated by inhomogeneities in the main magnetic field 
and non-linearities in the applied magnetic field gradients 
that are inherent to any MRI scanner. In contrast, the pa-
tient-induced artifacts are produced by susceptibility and 
chemical shift variations in the imaged sample. The distor-
tions need to be determined and used to correct the patient 
images prior to structure delineation and dose calculations.  
Thus we can avoid incorrect localization of the tar-
get/organs-at-risk and consequently overall reduction in 
treatment efficiency. Another limitation of MR images is 
that the tissue signal intensity is not related to tissue elec-
tron density that is required for accurate absorbed dose 
calculation. 

In this work, we propose a comprehensive MRI-based 
RTP procedure consisting of a)  correction of raw MR pa-
tient images for scanner-related and patient-induced distor-
tions by determining the 3D distortions fields by using 
phantom measurements and numerical simulations, respec-
tively, b) segmentation of anatomical structures relevant to 
dosimetric calculations (e.g. soft-tissue, bone, air) by means 
of manual/automatic image contouring  tools, c) conversion 
of MR images into CT-like images by assigning bulk elec-
tron density values (related to CT values) to anatomical 
contours along with RTP dose calculations, and d) plan 
evaluation of the corresponding CT+MRI and MRI-only 
treatment plans. 

One of the main applications of the MRI-based RTP is 
expected to be for a linac-MR system, i.e. integration of a 
radiotherapy accelerator with an MRI scanner [4,5]. Very 
recently, the concept of linac-MR emerged as a feasible 
novel approach for real time image guidance in adaptive 
radiotherapy, i.e. MRI guided radiation therapy (MRIGRT). 
At Cross Cancer Institute, we are investigating such a sys-
tem which consists of a 6 MV linac rigidly coupled with a 
bi-planar 0.2 T permanent magnet [4,6]. The system can 
freely revolve axially around the patient to deliver dose 
from any desired angle. Considering the MRI’s excellent 
soft-tissue contrast and its ability to perform multi-planar 
data acquisition, MRIGRT would be characterized by im-
proved visualization of the target and neighboring anatomy, 
ultimately facilitating on-line treatment plan adaptation. For 
a linac-MR system, it is expected that MRI-based RTP will 
be the default procedure. 
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In particular, for the implementation of the MRI-based 
RTP for a linac-MR system we have to determine the dosi-
metric effects caused by the presence of the MRI scanner’s 
magnetic field and their impact on the treatment planning 
process. The external magnetic field causes a significant 
change in the local behavior of secondary electrons generat-
ed in a medium by radiation. Namely, the trajectories of the 
electrons between subsequent collisions are altered depend-
ing on the electrons’ kinetic energy and the applied field 
strength. The magnitude of this effect is enhanced at the 
interface of high-to-low electron density materials (e.g. 
tissue-air interface). The exit electrons describe a longer 
path in air than in tissue and can return to the tissue under 
the influence of an external magnetic field. As a conse-
quence, the tissue exit dose may increase compared to the 
case of no magnetic field. 

In this work we also investigated the dosimetric differ-
ences between the corresponding MRI-based RT plans 
simulated at zero and 0.2 T. 

II. MATERIALS AND METHODS 

A. Scanner-related image distortion correction 

The 3D scanner-related distortion field was determined 
and corrected by using a phantom-based method, which 
relies on two key components: an adaptive control points’ 
identification and registration tool and an iterative algorithm 
that calculates the best estimate of the 3D distortion field 
[7]. 

 
B. Patient-induced image distortion correction 

The distortions due to susceptibility local variations in 
the patient anatomy were numerically determined by using 
an explicit finite difference method [8]. Specifically, mag-
netic field calculations were performed on patient datasets 
that were converted into susceptibility distributions corres-
ponding to soft-tissue, bone and air. Subsequently, the mag-
netic field distributions were converted into distortion maps 
by considering imaging sequence-dependant parameters 
such as the strength and direction of the frequency encoding 
gradient. The patient image datasets were corrected for both 
scanner-related and susceptibility distortions before being 
used in the treatment planning process. The accuracy of the 
magnetic field simulation tool was validated by using phan-
tom data. 
 
C. Structures segmentation 

The patient image datasets were segmented into soft-
tissue, bone and air by using a combination of different 

contouring tools available in Eclipse treatment planning 
system (Varian Oncology Systems, Palo Alto, CA), e.g. for 
pelvic region. In particular for brain, the structures relevant 
to dosimetric calculations, i.e. scalp, bone and brain, were 
automatically extracted by using FSL (Analysis Group, 
FMRIB, Oxford, UK), a freely available library of image 
processing tools. Subsequently, the FSL anatomical con-
tours were imported into Eclipse for RTP analysis. 
 
D. RT planning and RTP evaluation 

The MR images were converted into CT-like images by 
assigning bulk electron density values (related to CT values) 
to anatomical structures, i.e. soft-tissue, bone and air, in 
Eclipse by overriding the MR image intrinsic information. 
Treatment plans were generated in Eclipse to compare the 
CT+MRI and MRI-only corresponding plans.  

Plan evaluation was performed by means of isodose dis-
tributions, dose volume histograms (DVHs), and several 
dosimetric parameters, i.e. the dose at the isocenter (Diso), 
mean target dose (Dmean), and minimum and maximum 
target dose - Dmin and Dmax, respectively. The plans were 
also ranked by using a tumor control probability (TCP)-
based technique for heterogeneous irradiation [1].  
 
E. Linac-MR: dose calculations in the presence of a 
magnetic field 

The dose calculations in magnetic field were performed 
by using  an in-house Monte Carlo (MC) treatment planning 
dose verification system based on EGSnrc, which simulates 
a 6 MV linac head (i.e. Varian 21EX) [6]. The MC package 
was adapted to incorporate the influence of external mag-
netic fields on charged particle transport. The dose distribu-
tion patterns were calculated for zero and 0.2 T magnetic 
field. Each radiation field was simulated separately and the 
results were combined and normalized to unit dose at iso-
center corresponding to the zero field case. Transport cu-
toffs for the EGSnrc simulations were set for electrons to 
AE = ECUT = 0.7 MeV and for photons to AP = PCUT = 
0.01 MeV. 

III. RESULTS AND DISCUSSION 

The 3D scanner-related distortions, which are indepen-
dent of the patient anatomical characteristics, were meas-
ured. For example, for a typical 3 T brain study, i.e. 20 cm 
diameter, the maximum distortion was found to be approx-
imately 4 mm. After correcting the images, the residual 
geometric distortions were negligibly small, being within 
one voxel resolution, i.e. 0.94 x 0.94 x 1 mm3.  
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We also determined the magnitude of susceptibility-
induced distortions by means of numerical simulations. 
Figure 1 shows sample distortion distributions for several 
cancer sites, i.e. brain, prostate and abdomen. Magnetic 
field simulations were performed at 0.2 T and 3T. The cor-
responding distortion maps were generated by considering 
different values for the frequency encoding gradient. As 
expected, our simulations showed that the maximum abso-
lute distortion increases with the decrease of the gradient 
strength. For example, in the case of the prostate patient the 
maximum distortion increased from 1.9 mm to 5.7 mm 
when the gradient strength decreased from 15 mT/m to 5 
mT/mm. Also, the magnitude of susceptibility distortion 
decreases with the decrease of magnetic field strength.   
 The MR images were converted into CT-like images by 
assigning bulk CT values of 0 HU (1 g/cm3) to soft-tissue, 
1000 HU (2 g/cm3) to bone, and -1000 HU to air.  
 In the case of a linac-MR system, the results of the 
Monte Carlo simulations for a four-field brain plan are 
illustrated in Figs. 2 and 3 for the central axis transverse and 
sagittal plane, respectively. The relative dose distributions 
for zero and 0.2 T fields show similar patterns. The relative 
dose difference maps show hot and cold spots of  2% for 
the transverse plane and  4% for the sagittal view. We note 
that there is a slight increase in surface dose to skin at the 
beam exit regions (see Figs. 2(c) and 3(c) at anterior and 
posterior surfaces). This is the result of electrons traveling 
along large arcs (in the order of few cm in radius) after 
exiting the patient anatomy. These results are in agreement 
with the data obtained from CT-based MC simulations [6]. 
 The RT verification process, i.e. correct (re-)positioning 
of the patient before and during the treatment, is expected to 
be performed based on the registration process of MR im-
ages, i.e. diagnostic scan and real-time data. The diagnostic 
scan will be acquired on a conventional 1.5/3.0 T MRI unit 
whereas the real-time MR data will be provided by the 0.2 T 
scanner, which is part of the linac-MR hybrid system. 3D 
anatomical data can be identified and mutually registered 
between the diagnostic and real-time MRI data thus facili-
tating the accurate alignment of the patient. 

IV. CONCLUSIONS 

In this study, we investigated a complete MRI-based RT 
planning procedure and its applications for a hybrid linac-

MR system comprising of a 0.2 T MRI scanner rigidly 
coupled to a 6 MV therapy accelerator. The method in-
cludes the correction of both scanner-related and patient-
induced image distortions, segmentation of dosimetric rele-
vant anatomical structures, and dose calculations based on 
the MR images (assigned bulk CT values) only. By using 
such a procedure we will avoid additional CT scanning 
sessions and consequently the image fusion process. In the 
case of a linac-MR system, Monte Carlo simulations were 
performed to determine the MRI scanner’s magnetic field 
induced effects on the dose deposited patterns using patient 
data.  
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Figure 1. Examples of 2D maps of susceptibility-related distortion values for three patients: a) glioblastoma, b) prostate and c) abdomen. For 
cases a) and c) the anatomical structures segmented for magnetic field simulations were: soft-tissue, bone and air. For case b) only soft-tissue and 
bone were segmented as there were no air pockets present in the treated volume. All simulations were performed at 3T and a gradient strength of 
5 mT/m.  

 

Figure 2. Monte Carlo simulation results for a four field brain RT plan (transversal view): a) scalp, brain and bone contours overlaid on the raw 
MR images, b) and d) dose distributions at zero and 0.2 T magnetic field, respectively, and c) percent dose difference D0.2T - D0.0T. The maximum 
difference is within  2%. 

Figure 3. Simulation results for a four field brain RT plan (sagittal view): a) structure contours overlaid on the MR images, b) and d) dose 
distributions at zero and 0.2 T magnetic field, respectively, and c) D0.2T - D0.0T. The maximum difference is about  4%. 
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    Abstract—recently, radiation sensitive polymer gels are 
being used as a reliable dosimetry method for three-
dimensional (3D) verification of radiation doses in clinical 
use. Some properties of gel dosimeters have made them 
useful in verifying complex situations in electron therapy. 
The aim of this work is to investigate the capability of 
normoxic polymer gel for determining electron dose 
distributions in presence of small heterogeneities (bone & 
air).  
 

Keywords—Polymer gel dosimetry, Electron beam, 

Heterogeneous slab phantom, MRI, 3D dosimetry 

 
I. INTRODUCTION 

 
    The unique properties of gel dosimeters to measure 
complex three dimensional dose distributions, have led 
several researchers to investigate their applications in the 
difficult dosimetry problems of brachytherapy [1,2], 
intensity-modulated radiotherapy (IMRT) [3], stereotactic 
radiosurgery [4,5] and evaluation of tissue heterogeneities 
[3,6,7].Gel dosimeters are used as integrating dosimeters 
that are able to capture the dose in three dimensions 
accurately and with good spatial resolution [8, 9]. This 
makes it useful for measurement of complex clinical 
setting dose distributions with irregular geometries [8, 10, 
and 11]. The purpose of this study was to experimentally 
evaluate the influence of tissue inhomogeneities on the 
electron beam dose distribution by the use of polymer gel 
dosimetry.Also to evaluate the suitability of polymer gels 
for electron beam irradiator dosimetry applications.  

 
II. MATERIALS AND METHODS 

 
A. Manufacturing the polymer gel  
 

    The gel dosimeter used in this experiment was the 
normoxic ‘MAGIC’ gel described by Fong [12]. It 
consisted of 82.8% (by weight) distilled water (HPLC 
grade), 8% Type-A 300 bloom gelatin, 9% methacrylic 
acid, 0.0352% ascorbic acid,0.002% copper sulfate 
pentahyrate  and 0.2% hydroquinone (Sigma 
Aldrich).Several cylindrical phantom (length: 6cm, wall 
thickness: 0.3cm),and test tubes (length: 12cm, wall 
thickness: 0.1cm) were also filled with gel for calibration 

purposes. After filling, the gel containers were sealed off 
airtight and stored in a refrigerator for at least one night to 
solidify.  
 
B. Calibration of the gel 
 

    To determine the dose response of the gel dosimeters, a 
set of gel-filled test tubes were irradiated by 8MeV 
electron beam (0, 0.5, 1, 1.5, 2, 3, 5, 8and 10Gy). For this, 
each individual tube was placed in a Perspex water-filled 
tank and with a source-to-surface distance (SSD) of 
100cm. The linear accelerator (Elekta, precise model)used 
was calibrated so that, for an 8MeV electron beams with a 
field size of 10×10cm. 
 
C. Phantom irradiation 
 
    A cylindrical phantom filled with MAGIC polymer gel 
with Polyacrilic wall ( =1.18gr.cm-3) placed in a Perspex 
water-filled tank exactly underneath of the bone 
inhomogeneity region. Then, slab phantom was irradiated 
amount of 500cGy with an 8MeV electron beam linear to 
measure dose distribution beyond the heterogeneity 
region. Afterwards, another cylindrical gel phantom used 
the same above was irradiated the same dose with a 
15MeV electron beam linear accelerator to measured dose 
distribution beyond the same heterogeneity region. The 
setup mentioned above was repeated for measured of dose 
distribution underneath air heterogeneity region in slab 
phantom. 
 
D. Magnetic resonance imaging 
 
    48 hours pos-tirradiation, the gel dosimeters were 
scanned using the standard head coil of a 1.5T MR system 
(Siemens). A 32 spin echo sequence was applied with a 
spin echo (SE) RF pulse encoding scheme and 
equidistance echo spacing (TE=15-480ms). This imaging 
sequence was used for all cylindrical phantom and 
calibration tubes filled with gel. The test tubes were 
scanned together with the cylindrical gel dosimeters, to 
avoid calibration errors due to temperature deviations.  
 
E. Deviation and comparison of dose distributions 
 
    R2 distributions were the calculations from these 
images on a pixel-by-pixel basis. When, plotting the 
measured signal intensity versus the corresponding echo 
times for determines the R2 value [13]. Based on R2 
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measurements in the test tubes, a dose response 
relationship can be used to calibration the dosimeters. The 
data post-processing was done using Matlab software 
(Version 7.5, the Math Works, Inc). 1D-Relative lateral 
dose profiles in phantoms, energy and depth mentioned 
were also recorded in an automatic water phantom system 
(PTW, Freiburg, Germany) by use of a scanning P-type 
silicon diode detector with 0.25mm3 sensitive volumes to 
comparison 1D with gel dosimeter system. 
    In a second method, spatial deviations between isodose 
surfaces are considered. For that, isodose lines for a 
certain dose level are constructed in the dose maps 
obtained by one dosimetry method. Then, an isodose 
surface of the same dose level is constructed from the dose 
maps obtained by the other dosimetry method. Finally, for 
all points of the isodose lines, the distance to the isodose 
surface is calculated. 

 
III. RESULS 

 
A. Dose response curve 
 
    The gel dose response is displayed in Fig. 1. This figure 
shows that the relationship between dose and R2 value has 
good linearity over a wide range (0.5-10cGy). The slope 
and intercept for R2 versus dose curve were 0.509±0.002 
Gy-1sec-1 and 4.581±0.005 sec-1. The linear correlation 
coefficient was 0.992.  

y = 0.509x + 4.581
R2 = 0.992
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Fig.1 Dose response curve evaluated by means of relaxation rate as a 
function of absorbed dose .The error bars correspond to the standard 
deviation of the different R2 pixel values. 

 
C. Single beam experiment 
 
    Dose profiles for gel and diode measurements are 
compared in figures 3a, 3b, 3c and 4a, 4b, 4c for bone and 
air phantoms, respected. These profiles normalized and 
acquired at depth 1cm for energy 8MeV and depths 1cm 
and 4cm for energy 15MeV underneath regions bone and 
air heterogeneities slab phantoms, separately. As can see 
in figures Mean dose difference and distance to agreement 
(DTA) are lower than 3% and 3mm respectively. 
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Fig.3 Dose profiles (the underneath of bone slab phantom) measured 
with gel ( ) were compared with diode measured (—) in the laterolateral, 
(a) at depth 1cm for energy 8MeV (b) at depth 1cm for energy 15MeV 
(c) at depth 4cm for energy 15MeV 
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Fig.4 Dose profiles (the underneath of air slab phantom) measured with 
gel ( ) are compared with diode measured (—) in the laterolateral, (a) at 
depth 1cm for energy 8MeV (b) at depth 1cm for energy 15MeV (c) at 
depth 4cm for energy 15MeV 

 
D. Dose distributions around heterogeneities 
 

    To provide an intuitive view of dose distributions 
around heterogeneities bone and air cavity, results of MRI 
scanning of gel cylindrical is represented hear in axial 
slices for each one. Regions adjacent to the Perspex 
cylindrical phantoms show saturation effects.  
 
D.1. Bone phantom 
    Figures 5-6 illustrate the dose distribution measured 
axial orientation for bone inhomogeneity. A reduction in 
dose of approximately 50%, 30% and 10% take place 
behind the bone at depth 1cm for 8MeV, depth 1cm and 
4cm for 15MeV electrons respectively.  
 

 

Fig.52D-Axial R2 dose distribution measured in the center underneath of 
bone slab phantom for E=8MeV  

 

Fig.6 2D-Axial R2 dose distribution measured in the center underneath 
of bone slab phantom for E=15MeV  
 

D.2. Air phantom 
    Figures 7-8 illustrate the dose distribution measured at 
axial orientation for air cavity inhomogeneity. An increase 
in dose of approximately 50%, 45% and 45% take place 
behind the air at depth 1cm for 8MeV, depth 1cm and 4cm 
for 15MeV electrons respectively.  
 

 
Fig.7 2D-Axial dose distribution measured in the center underneath of air 
slab phantom for E=8MeV  
 

 

Fig.8 2D-Axial dose distribution measured in the center underneath of air 
slab phantom for E=15MeV  

 
IV. DISCUSION 

 
A. Dose-R2 response sensitivity and stability 
 
    An approximately linear dose response evaluated by 
means of R2 was found for absorbed doses up to 100cGy. 
The slope and intercept and slope-to-intercept ratio in this 
study are small difference with values reported by Fong 
[12] for MAGIC gel with 6% methacrylic acid was 0.567 
Gy-1sec-1 and 4.07 sec-1. De Deene shown that the R2-dose 
response stability and dose sensitivity (defined as the slope 
in a R2-dose plot) is dependent on the chemical 
composition of the gel dosimeters [14, 15]. Furthermore, 
compactness of the gelatin matrix and increasing gelatin 
concentrations has an effect on both the dose sensitivity 
and the R20. The rate of post-irradiation polymerization or 
restructuring is affected by the gelatin matrix [15].  
 
B. Dose distribution around heterogeneity 
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B.1. Bone 
    The results of gel dosimetry under bone inhomogeneity 
have shown a reduction in dose. This is related to high 
mass stopping and mass scattering powers of bone tissue. 
In addition, dose enhance in laterally near the bone-tissue 
interface, due to increased side scattering of electrons. Hot 
and cold scatter lobes under heterogeneity regions are 
another effect was seen. Several investigators have studied 
the effect of inhomogeneities on electron beam dose 
distribution [16, 17 and 18]. 
 

B.2. Air cavity 
    The results of gel dosimetry under air inhomogeneity 
have shown an increase in dose. This is related to low 
mass stopping and mass scattering powers of air cavity. 
When high energy beams passes through a low-density 
medium or an air cavity, electronic equilibrium is lost 
along the central axis of the beam [19]. The dose rebuild 
up is a consequence of this electronic disequilibrium.  
 

V. CONCLUSIONS 
 
    We investigated the feasibility of employing MAGIC 
polymer gel phantom and MRI technique to measure 3D 
dosimetric structures underneath of heterogeneity. The gel 
was valuable for relative dose determination and 
assesment of tissue inhomogeneity effect in electron beam 
dosimetry.  
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Abstract—The IAEA has recently developed and published 
a report (IAEA-TECDOC-1540) that proposes a 
straightforward protocol to be used by both manufacturers 
and users for specification and acceptance testing of new 
treatment planning systems (TPS). As part of quality 
assurance of the Saarland University Hospital TPS, the 
proposed protocol has been used to check the dosimetric 
performances of the release 8.0d of the ADAC Pinnacle. The 
largest deviations were found for irregular block and 
asymmetric open fields with values of ∆ above 3 % (3.48 and 
3.31 respectively). Except for these two test cases where 
confidence limit values were greater than 3 %, but not far 
above the acceptability criterion, all test cases were within the 
tolerance limit. A very high accuracy was observed for short 
SSD (85cm) fields with a value of ∆ below 1% (0.91%). The 
accuracy was also quite good for square fields, rectangular 
fields and inhomogeneity field geometries with values of ∆ 
below 2 %. 

Keywords—TPS, dose calculation, acceptance testing. 

I. INTRODUCTION  

Dose calculation verification is a relevant part of a 
radiotherapy treatment planning system (TPS).  This 
verification can be done during acceptance testing, beam 
commissioning or periodic quality assurance. Several 
reports [1, 2, 3, 4] address this issue, but most of them 
provide only a general framework on tests and procedures 
that should be considered and not a simple protocol that can 
be followed step by step by the user. The IAEA has recently 
developed and published a more simple report, the 
TECDOC-1540 [5] that proposes a straightforward protocol 
to be used by both manufacturers and users for specification 
and acceptance testing of new TPSs. 

At the Saarland University Hospital (SUH), the TPS 
ADAC Pinnacle3 (PHILIPS) is in use since 1999. But we 
chose to re-test its dosimetric performances for 2 main 
reasons. Firstly, the software and hardware have been 
updated and upgraded more than once and presently, we are 
about to move to the more recently clinical release (8.0d); 
the rechecking of the TPS behavior after hardware 
replacement and software updates or upgrades, been 
recommended. Secondly, since its clinical implementation, 

this TPS has not yet been intensively checked. This work 
presents the dosimetric testing of this latter release using the 
IAEA-TECDOC-1540 [5]. 

II. MATERIAL AND METHODS 

A. IAEA-TECDOC-1540 

Most of the reports on quality assurance (QA) of TPSs 
[1, 2, 3, 4] provide only guidance on tests and procedures 
that should be performed. For example, The IAEA technical 
reports series No. 430, TRS 430 [2] proposes a large 
number of tests and procedures for commissioning and QA 
of TPSs. Considering the workflow in most radiotherapy 
centers, it may be time consuming and not easy to follow 
such a protocol to check a specific TPS. That is why the 
IAEA has recently developed two complementary technical 
documents: the TECDOC-1540 [5] and the TECDOC-1583 
[6]. These documents proposed more specific and simple 
protocols for TPS acceptance testing and commissioning.  

The TECDOC-1540 addresses the special issue of 
acceptance testing. As stated by the IAEA in this document, 
acceptance testing for TPSs is not yet a clear-cut between 
the purchaser and the manufacturer in opposition to other 
radiation therapy equipment where it is a well defined and 
standardized process. Because of the time it takes to 
measure the beam data and commission a specific photon or 
electron beam, acceptance testing of a TPS has evolved into 
a simple process of cataloguing that software and hardware 
components have been delivered and installed at the user 
site and a testing of basic software functionalities. The 
TECDOC-1540 provided recommendations and specific 
TPS acceptance tests.  The proposed tests are divided into 3 
categories: the type tests, the site tests and the optional tests. 
Type tests are to be performed at the manufacturer facility, 
and site and optional tests at the user site.   

B. Basic Beam Data 

The TECDOC-1540 has been published together with a 
CD-ROM of input data for beam modeling and a test case 
package for 6 MV, 10 MV and 18 MV photon beams and 
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gamma rays of Cobalt 60 beam.  But the IAEA 
recommends the testing of only those beam energies that 
are most relevant to the user facility. As such we have 
performed only tests relative to the 6 MV because the 
others energies of the packet are not available at the SUH. 
Each of the three accelerators of the center has a 6 MV 
photon beam.   

The 6MV input photon data have been measured at SSD 
100 cm and 90 cm and include the following:  

• Depth dose data 
Open beam central axis depth dose data for square field 
sizes of 3, 5, 7, 10, 15, 20, 30 and 40 (cm x cm) and for 
depths from 0 up to 30 cm. 

• Profiles 
Five open beam profiles for each of these square Fields 
at depths dmax, 5, 10, 20 and 30 cm. The profiles have 
been measured over a maximum distance of 49 cm. 

• Wedged field data  
Depth dose data from 60° wedged fields and wedge 
profiles for square field sizes of 5, 7, 10, 15, 20 and 30 
(cm x cm) at five depths dmax, 5, 10, 20 and 30 cm. 

• Output factors 
Output factors, Scp versus field size, separated into 
head scatter correction factors, Sc, and phantom scatter 
correction factors, Sp. The reference conditions for the 
determination of these factors were: field size of 10 x 
10 (cm x cm), a depth of 5 cm, and SSD of 100 cm. 

•  Wedge factors, tray factor, block transmission 
Wedge transmission for square fields from 3 to 30 (cm 

x cm) at dmax and 5 cm depth, tray transmission factor 
for the reference field and block transmission factors. 
The sizes of blocks are the dimensions projected at the 
source-axis distance. 

C. Dosimetric Test Data Package 

A summary of all dosimetric tests proposed in the 
TECDOC-1540 is given in Table 1. Tests 1-12 are type 
tests, tests 1-9 are site tests and tests 10-12 are optional. 

 In the present work, all site tests and two (10 and 11) of 
the three optional tests have been performed. 

D.   Evaluation of Measurements 

For all tests summarized in Table 1, measurements are 
given in Excel spreadsheets. Three different approaches [5] 
are used in these sheets to evaluate TPS calculations and the 
measurements:  

Table 1 Summary of all external beam calculation tests proposed in the 
IAEA-TECDOC-1540 

Test 
 No. 

Short description of the test 

(dimensions in cm)

1a Square field, 5 x 5 

1b Square field, 10 x 10 

1c Square field, 25 x 25 

2a Rectangular field, 5 x 25 

2b Rectangular field, 25 x 5 

3 Square field, 10 x 10, SSD = 85 

4 Square field, 9 x 9 wedge 

5 Square field, 16 x 16, central block 

6 Square field, 10 x 10, off-axis 

7 Square field, 16 x 16, blocked to L-shaped field (irregular 
field) 

8a Square field, 6 x 6, lung inhomogeneity 

8b Square field, 16 x 16, lung inhomogeneity 

8c Square field, 16 x 16, bone inhomogeneity 

9  Square field, 10 x 10, oblique incidence 

10a Square field, 10 x 10, half phantom (“missing tissue”) 

10b Square field, 20 x 20, half phantom (“missing tissue”) 

11 Asymmetric field, 15 x 15; geometric radiation field 
center at:7.5,0; 0, 7.5; 7.5,7.5 

12  Asymmetrically wedged field, 15 x 15; geometric radia-
tion field center at: ±7.5,0; 0,7.5; ±7.5,7.5  

• Relative error: related to measured dose at the same 
point, i.e.  

Error1 [%] =100*(Dcal-Dmeas)/Dmeas             (1) 

• Relative normalized error: related to measured dose on 
axis at the same depth, i.e.  

Error2 [%] = 100*(Dcal-Dmeas)/Dmeas,cax        (2) 

• Relative normalized error: related to dose in the 
unblocked beam at the same depth as when the central 
axis is blocked i.e.                             

Error3 [%] =100*(Dcal-Dmeas)/Dmeas,open       (3) 

The recommended equations for comparison of measured 
and calculated data and the acceptability criteria are given 
below in Table 2. In addition, the concept of confidence 
limit ∆, has been used in the spreadsheets for the data 
analysis [7]. The confidence limit is defined as: 

∆ = | mean deviation | + 1.5 SD                    (4)  
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Table 2 Sample criteria of acceptability for external beam TPS calculations 
given in TECDOC-1540 

Short description of the test Test  No. Eq.a [%]b 

1 Homogeneous, simple geometry 
Central Axis data of square and 
rectangular fields 
Off-axis data

1, 2, 3 

2, 6 
(1) 

2 

3 

2 Complex geometry (Wedged 
fields, inhomogeneities, irregu-
lar fields, asymmetric collima-
tor setting) 
Central and off-axis data 

4, 5,7, 8, 
9 

10, 12 

(1) 
3 

3 More complex geometries, i.e. 
combinations of geometries in 
#2 

12 (1) 4 

4 Outside beam edges 
    In simple geometry 
    In complex geometry (see #2) 
    In more complex geometry 

     (combination of #2) 

1, 2,3, 6 
(2) 3 

4 
5 

5 Outside beam edges  
Complex geometry with central 
axis blocked 

5, 7 (3) 3 

 
a Values in this column are the number of the equation used for the 

evaluation. 
b Values in this column are those of the tolerance for the confidence limit. 

∆ is based on the determination of the mean deviation 
between calculations and measurements for a number of 
data points for comparable situations, and the standard 
deviation (1 SD) of the differences. It is very useful for the 
analysis of a large number of data like in the present study 
provided that an adequate number of data points been 
chosen to obtain statistical relevant conclusions. 

III. RESULTS AND DISCUSSION 

The new release (8.0d) of ADAC Pinnacle3 (PHILIPS) 
has been installed on a planning station and the 6 MV input 
data were entered in the physics module for beam modeling. 
Then, a 40 x 40 cm2 water phantom was generated in the 
planning module and the test situations described in Table 1 
were reproduced. The results of dose calculations were 
reported in the corresponding spreadsheet. The Table 3 
presents the results of the statistical analysis of all test cases 
performed. Given their large number, all histograms of 
frequency distributions vs. deviations between computations 
and measurements cannot be presented here, only those of 
tests cases with exceeded tolerances are shown in Fig.1. The 
use of the confidence limit concept was very helpful. The 
relevance of this concept has been proved in the study of J. 
Venselaar and H. Welleweed [7] where the same data 
package has been used to test a wide range of TPSs 
including the release 4.0e of ADAC Pinnacle3.  
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Fig. 1 Histogram of tests cases with exceeded tolerances: Irregular and 
asymmetric open field geometries 

Except for two test cases (irregular field and asymmetric 
open field), all test cases were within the tolerance limit 
(see Table 3). A very high accuracy was observed for short 
SSD (85cm) fields with a value of ∆ below 1% (0.91%). 
The accuracy was also quite good for square fields, 
rectangular fields and inhomogeneity field geometries with 
values of ∆ below 2 % (Table 3). But in the square and 
rectangular field test cases (1.a-c and 2.a-b) three of the 
deviations were above 3%, with values -3.39, 3.84 and -
3.58. The first point was in the build up region and the two 
others were 19 cm off-axis, in the small dose gradient and 
low dose region of the 25 x 5 cm2 rectangular setting. This 
poor result may also come from the fact that the Pinnacle3 

software makes no distinction between the output factors of 
square and rectangular fields, the only determinant factor 
been the equivalent field size. As such, the software uses the 
same factor for the 25 x 5 and 5 x 25 fields, namely the 8.3 
x 8.3 field output factor.  

The two test cases with largest deviations were from 
irregular block and asymmetric open (Table 3) fields with 
values of ∆ above 3 % (3.48 and 3.31 respectively). With 
two point deviations (out of 16) above 3%, the irregular 
block field geometry also has the maximal standard 
deviation (2.29). One of the two points was in the buildup 
region and at 7 cm off-axis; the second was at depth 35 cm 
and on the central i.e. under the block.  In addition, most 
deviations were in the interval from -4.5 to -1 (for points on 
the beam central axis, under block) and 0.5 to 2.5 (for points 
in the open part of the irregular field, 6 cm off axis), the 
intermediate interval been empty (Fig.1). As such, the two 
points with the largest deviations were located in regions 
(build up and below shielding block) where TPS algorithms 
are known to be less accurate  
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Table 3 Statistical analysis of deviations between calculations and measurements. The values in the column Tolerance are those given in Table 2 

Description Test Nr. # Points Mean Max .Dev. St. Dev. Conf. Limit Tolerance 
[%] 

Square Fields 1.a-c 72 0.02 3.39 0.81 1.24 3.00 

Rectangular Fields 2.a-b 45 0.09 3.84 1.24 1.96 3.00 

Short SSD (85) 3 24 0.15 0.97 0.50 0.91 3.00 

Wedged Field 4 24 -1.45 2.72 0.75 2.57 3.00 

Central Block 5 16 0.33 4.36 1.72 2.91 3.00 

Off Centre Plane 6 24 0.53 2.68 1.23 2.37 3.00 

Irregular Block 7 16 0.04 4.56 2.29 3.48 3.00 

Lung Inhomogeneity 8.a-b 25 0.10 2.89 1.01 1.61 3.00 

Bone Inhomogeneity 8.c 12 0.76 1.71 0.44 1.42 3.00 

Oblique Incidence 9,00 18 0.83 2.29 0.83 2.08 3.00 

Missing Tissue 10.a-b 42 0.88 2.66 0.92 2.26 3.00 

Asymmetric open 11 63 1.49 4.21 1.21 3.31 3.00 
 

 
In the asymmetric open field test case, 92 %  (57 out of 

63 points) of individual deviations were below 3% although 
the final tolerance limit was exceeded and almost all 
deviations were positive (Fig.1). Only one of the five points 
with deviations above 3 % was above 4% (4.21), the four 
others been below 4 %. All the five points were at -6 cm off 
axis distance. 

With respect of the above-presented test case results 
(Table 3 and Fig. 1), we can conclude that the TPS (ADAC 
Pinnacle) in evaluation in this study achieve relatively high 
dosimetric performances in spite of  two  test cases where 
confidence limit values were greater than 3 %, but not far 
above the acceptability criterion. In the study presented in 
reference [7] including TPS from different manufacturers, 
this TPS had already been proved   to be one of the systems 
with high dosimetric accuracy level. 

IV. CONCLUSION 

A recently published IAEA report (IAEA-TECDOC-
1540) that provides a very simple and straightforward 
protocol for the global acceptance testing of radiation 
treatment planning systems has been presented. As part of 
quality assurance of the SUH’s TPS, the proposed protocol 
has been used to check the dosimetric performances of the 
release 8.0d of the ADAC Pinnacle TPS, and a relatively 
high accuracy level has been achieved. 
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RÉSUMÉ 

Aujourd'hui, la grandeur de référence pour l'étalonnage de 
sources de curiethérapie est le kerma dans l’air. Cependant, la 
grandeur d'intérêt utilisée dans les plans de traitement est la dose 
absorbée dans l’eau, actuellement déduite du kerma dans l'air. Le 
LNE-LNHB, dans le cadre d’un projet européen de recherche 
commun intitulé "Augmentation de l’efficacité de traitement de 
cancers à l’aide de la curiethérapie 3D", développe et étudie une 
méthode d'estimation directe de la dose absorbée dans l’eau pour 
des sources de curiethérapie bas débit de dose (LDR). Cet article 
présente la méthodologie adoptée par le LNE-LNHB pour 
l'établissement d’une référence primaire de dose absorbée dans 
l'eau de sources LDR de curiethérapie. 

ABSTRACT 

Nowadays, air kerma is the standard dosimetric quantity for 
calibration of brachytherapy sources. The quantity of interest for 
treatment planning is however the absorbed dose to water which is 
actually derived from the air kerma. The LNE-LNHB, under the 
European project “Increasing cancer treatment efficacy using 3D 
Brachytherapy”, is developing and investigating a method to 
directly estimate the absorbed dose to water of low dose rate 
brachytherapy sources. This paper presents the LNE-LNHB 
methodology to establish the primary standard of absorbed dose to 
water for low dose rate brachytherapy sources.  

I. INTRODUCTION 

In brachytherapy, small encapsulated radioactive sources 
are placed close to or in the tumour volume. This treatment 
modality allows delivering a high dose to the tumour target 
volume at small distances while avoiding unnecessary 
exposure of adjacent healthy tissue [1]. Brachytherapy is 
therefore within radiotherapy, an essential modality to treat 
malignant tumours. The use of low dose rate (LDR) 
permanent implants of 125I and 103Pd has gained importance 
in Europe in the last decade. Main indications for a LDR 
brachytherapy procedure are the gynaecological, prostatic 
and for treatment of head and neck cancers [2]. Today, 
tumour treatments using brachytherapy procedures concern 

about one hundred thousand patients per year in Europe (of 
which eight thousand in France). In France, thirteen 
hundred patients were treated in 2006 and five thousand 
patients are expected to be reached in early 2010 [3]. 

Accurate dose treatment planning is essential to minimise 
the dose to tumour adjacent organs and to expose the 
cancerous cell tissue to the prescribed dose with the lowest 
possible uncertainty. This ultimately relies on appropriate 
source calibration. No primary standards for the LDR 
radioactive seed energies are however established for 
calibration in terms of absorbed dose to water. Instead, the 
absorbed dose to water is at the moment indirectly derived 
from the reference air kerma rate ( RK ) [4] applying the 
formalism of the protocol published by the Task Group 43 of 
the American Association of Physicists in Medicine [5-6]. 
This formalism uses tabulated conversion dose rate constants, 
Λ, which are the result of a compromise of both theoretical 
and experimental studies published in the literature [5-7]. The 
Task Group 43 protocol allows the conversion from air kerma 
strength or reference air kerma rate to the absorbed-dose rate 
to water at a reference distance of 1 cm from the source. It is 
worthwhile noticing that this conversion leads to an estimated 
combined standard uncertainty of 10 % in the determination 
of the absorbed dose to water at a point near the source 
(1 cm) [8]. This uncertainty is clinically significant and can 
therefore negatively influence the clinical success of a 
brachytherapy treatment.  

In that context, the joint research project “Increasing 
cancer treatment efficacy using 3D brachytherapy” 
(shortened as T2.J06, brachytherapy; JRP6) has been 
selected within the framework of the iMERA-Plus project 
for EC funding. The fundamental outcome of this project is 
to reduce the present uncertainty of the absorbed dose 
delivered to the tumour to a level comparable to that 
associated to typical external beam radiotherapy procedures 
performed with accelerators (5 %, k=1). In order to reach 
this goal, the project plans to use the absorbed dose to water 
as the reference quantity to be directly measured both  
for LDR and for high dose rate (HDR) brachytherapy 
sources [9].  
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The LNE-LNHB (along with the PTB and INMRI-
ENEA) is involved in the development of primary standards 
for direct measurement of the absorbed dose to water as a 
fundamental dosimetric quantity for LDR brachytherapy 
sources. The three LDR standards (all based on 
measurements using ionization chambers) have to differ in 
technique and measurement procedure in order to highlight 
possible systematic errors, to promote further corrections 
and to provide altogether a more robust absorbed dose to 
water estimate. As part of the project outcome, a relative 
uncertainty lower than 2 % (k=1) is expected to be achieved 
on the absorbed dose to water in reference conditions (in the 
source transverse plane and at 1 cm from its centre).  

In this paper, the LNE-LNHB approach is described and 
the results obtained up to now are presented. 

II. METHODOLOGY: THE LNE-LNHB APPROACH 

The LNE-LNHB is establishing a two-step procedure 
which will overcome practical difficulties encountered 
when measuring directly the absorbed dose to water for 
LDR brachytherapy sources. The LNE-LNHB methodology 
is based on the determination of the water kerma rate 

)90,1(, °cmK Sw , at the surface S of a 1 cm radius water-
equivalent spherical phantom placed in air and containing 
the LDR seed in its centre. As shown in figure 1 that 
quantity is measured in the plane passing through the seed 
centre and perpendicular to its longitudinal axis. A 
correction factor is then applied to account for the 
contribution of additional scattered photons when having 
water instead of air as surrounding medium. A free-in-air 
circular ring-shaped ionization chamber and a photon 
spectrometer are used for the measurements. Monte Carlo 
simulations of the radiation transport are performed for the 
calculations required. 

 

1 cm 

S 

Air 

Water 

 

S,wK  

 
Fig. 1 Illustration of the point of interest to determine the absorbed dose (at 
1 cm distance from the radioactive seed and 90° from its longitudinal axis) 

The two steps for the )90,1( °cmDw  determination are 
explained below in more details. 

The first step of the procedure is the positioning of the 
LDR source at the centre of the 1 cm radius spherical 
phantom made of solid water equivalent material. The 
spherical phantom, shown in figure 1, is surrounded by air. 
The source-phantom assembly is then placed at the centre of 
the ring-shaped free-in-air ionization chamber (figure 2). 
The distance d, separating the centre of the source-phantom 
assembly to the entrance of the free-in-air ionization 
chamber is nearly 30 cm. The measured dosimetric quantity 
directly derived using this experimental setup is the air 
collision kerma rate aircolK ,  for all photons leaving the 
source-phantom assembly and reaching the entrance surface 
of the free-in-air ionization chamber at distance d.  

A correction is applied to account for the distance d and 
for the photon attenuation in air during their travelling up to 
the entrance surface of the measurement chamber. This will 
be here referred to as the air correction factor, Fair. 

The water kerma rate )90,1(, °cmK Sw  at the point of 
interest is then derived multiplying the product 
[ airaircol FdK ⋅)(, ], previously obtained by the ratio of 
water to air mass energy absorption coefficients, 

)(
,

E
µ

airw

en
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
ρ

 [10]. This takes into account the photon 

fluence energy distribution which will be determined by 
spectrometric measurements using a silicon detector 
positioned at a distance d  from the centre of the source-
phantom assembly. 

Additionally, a correction is applied to account for the 
non water equivalence of the solid material used to 
construct the spherical phantom.  This will be here referred 
to as the phantom correction factor, Fphant. 

 

 
Fig. 2 Illustration of the source-phantom assembly in the centre of the 
LNE-LNHB free-in-air ring-shaped ionization chamber 
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In a second step, a multiplicative factor here referred to 
as Fscatt is estimated in order to account for the additional 
fluence of scattered photons contributing to the absorbed 
dose when replacing air by water around the source-
phantom assembly. This quantity, which will be calculated 
using Monte Carlo simulations, will be validated against 
experimental measurements using small thermoluminescent 
dosimeters. 

Finally, the dosimetric quantity obtained including all 
factors and corrections is the water collision kerma in a 
water phantom at the reference point. As charged-particle 
equilibrium conditions apply, the water collision kerma is 
equal to the absorbed dose to water at the same point, 

)90,1( °cmDw . 
The absorbed dose to water in the reference conditions 

for an LDR source derived with the LNE-LNHB approach 
can be simplified by the following expression: 

scattSw

scattphant
airx

en
airaircolw

FcmK

FF
µ

FKcmD

..)90,1(

)90,1(

,

,
,

°=

⋅⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛⋅⋅=°
ρ

 
where x represents the  water equivalent material.             

It is worthwhile to highlight that the LNE-LNHB 
approach based mainly on measurements and partly on 
calculations is completely independent from the AAPM [5-
6] approach, which is based on the use of dose rate 

constants, 
R

w

K
cmD )90,1( °

=Λ , determined by Monte 

Carlo simulations. 

III. EXPERIMENTAL SET-UP 

Components of the primary standard designed by the 
LNE-LNHB are here discussed. These include the source-
phantom assembly, the ring-shaped free-in-air ionization 
chamber and the spectrometer detection system. 

A. The Source-Phantom Assembly 

Radioactive sources are characterized by a small size. 
They are cylindrically shaped and typically have about 
0.8 mm diameter and 4.5 mm length. There are about twenty 
different manufacturers of 125I sources [6, 11] (see figure 3). 
This causes a large variety in the geometry and design of the 
radioactive seeds. The activity of a single seed ranges from 3 
up to 300 MBq with an associated low air kerma rate of about 
0.1 up to 10 µGy/h (at a source-detector distance of 1 m). The 

average energy of the photon spectrum emitted by 125I is 
about 28 keV, being however significantly contaminated by 
fluorescence lines of the capsule (Ti) and the markers (Ag, 
Au) materials when presented as an encapsulated seed. 
Photon fluence equatorial anisotropy (± 5 % typically over 
360°) is a well known characteristic of this type of sources. 
An overall characterization of a single 125I seed is presently 
available at the LNE-LNHB thanks to an original dedicated 
device developed by Douysset [12]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Geometries and designs of 125I seeds furnished by different 
manufacturers [Seed designs are reprinted with permission from M. J. Rivard 
and al, Update of AAPM Task Group No. 43 Report: A revised AAPM 
protocol for brachytherapy dose calculations, Med. Phys. 31 (3) 2004] 

For the spherical phantom, the construction material 
chosen had to comply with several criteria. It had to be solid, 
preferably transparent. Its density had to be close to unity and 
its mass energy absorption coefficients had, at first approach, 
to be close to those tabulated for water in the energy range of 
interest of a 125I radioactive seed. Figure 4 shows the variation 
with energy, of the ratio of the mass energy absorption 
coefficient in a selected material to that in water. The 
materials studied fulfill the requirements described above.  

Materials with a ratio of mass energy absorption 
coefficient closer to unity are those containing a percentage 
of calcium. Meigooni et al. [13] have shown that the 
percentage contribution of calcium provided by the 
manufacturer may not be correct, leading therefore to a 
difference (of a few percents) in the value of the ratio of 
mass energy absorption coefficients. Consequently, the low 
energy dependence instead of the closeness to water was 
prioritized when choosing a material from the study of the  
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Fig. 4 Comparison of the mass energy absorption coefficient ratios 
(referred to liquid water) of several solid water equivalent materials 

ratio of the mass energy absorption coefficient. In addition, 
a reliable chemical composition was required. Finally, 
polymethylmetacrylate (PMMA) was the material which 
better complied with all requirements, being therefore 
chosen for the spherical phantom construction.  

B. The Ring-Shaped Free-in-Air Ionization Chamber 

The ring-shaped free-in-air ionization chamber is used to 
derive the water collision kerma at the surface of the 
spherical phantom at the centre of which the LDR 125I seed 
is placed.  

A conventional free-in-air chamber is not suited for this 
measurement since the subtended solid angle would be too 
small causing a poor signal-to-noise ratio. Furthermore, the 
source or the source-phantom assembly should be rotated in 
front of the detector to compensate for the equatorial 
anisotropy. Finally, an estimate of the source-to-detector 
distance would be time consuming and would have a relatively 
large uncertainty associated when compared with that coming 
from the ring-shaped free-in-air ionization chamber. The 
geometry and design of the ring-shaped free-in-air ionization 
chamber overcomes therefore these experimental difficulties 
providing a nearly fixed seed-detection distance (mainly based 
on the measurement of the inner radius of the chamber), and 
both a large detection solid angle and a large active volume. 
Thus, the signal-to-noise ratio can be optimized.  

Some specifications of the ring-shaped free-in-air 
ionization chamber are given in table 1. 

A specific study was performed to optimize the electric 
field between collection electrodes. This investigation 
aimed at ensuring a nominal field strength larger than 200 
V/cm and a homogeneous electric field over the interaction 
volume. For this purpose, electric field simulations (see 
figure 5) were performed using the Quickfield 5 code.  
 

Table 1 Technical specifications of the ring-shaped free-in-air ionization 
chamber 

Outer diameter 1.02 m 
Inner radius 28.9 cm 
Total height 12.6 cm 
Construction material Al only (Cu free) 

Insulator material Cross linked polystyrene and 
PTFE 

Collimator material Pb-Sb alloy (8 mm) 
Surface of collimation ~ 40 cm3 
Collection electrode surface ~ 1114 cm² 
Polarization voltage ± 2000 V 
Interaction volume ~ 3000 cm3 
Collected volume ~ 8900 cm3 

Results of these simulations led to the implementation of 
two circular cables polarized at 2.4 kV and 3 kV. The cables 
were respectively positioned at the inner and outer 
peripheries of the upper part of the ring-shaped chamber. As 
shown in figure 5, implementation of the two cables 
allowed achieving a larger homogeneous volume. 

 

Fig. 5 Electric field optimization (QuickField 5) 

The current measurement is based on the "rate of drift" 
method [14]. The ionometric method is based on the 
measurement of the charge collected by an external feedback 
capacitor connected to a high-impedance high-gain amplifier. 
The final current measurement chain was designed with 
LabVIEW 7.0 and a diagram is shown in figure 6. 

C. The Photon Spectrometer 

The spectrometer is used to measure the mean energy of 
photons crossing the spherical phantom surface at the  
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Fig. 6 Diagram of the current measurement chain designed with LabVIEW 
7.0 tools 

reference point. This measurement takes into account the 
photon fluence energy distribution. A high energy 
resolution, low escape peaks and high peak-to-background 
ratio are fundamental requirements. The spectrometer is 
expected to have a compact design and should not require 
liquid nitrogen for cooling. It should have a good intrinsic 
efficiency, greater than 40 %, in the 10 to 30 keV energy 
range. Among the different possibilities, HPGe, CdTe or Si 
detectors, Ge-based spectrometers have been discarded 
because of the need of nitrogen cooling. A Si spectrometer 
has been finally selected against a CdTe based detector (see 
table 2). The fundamental reason was its very good peak-to-
background ratio. Moreover, the CdTe material has a high 
atomic number, Z, which increases the probability of having 
escape peaks. 

Table 2 Si and CdTe spectrometers comparison based on technical 
specifications 

Si CdTe
Z 14 50

K edge (keV) 1.8 26.7
Peak-to-Background ratio (@ 6 keV) 6500:1 100:1

Resolution (eV @ 6keV) 139 220
Efficiency (@ 27keV) 45% 100%  

IV. MONTE CARLO SIMULATIONS FOR ESTIMATING  
THE SCATTER FACTOR  

The scatter factor Fscatt was determined by Monte Carlo 
simulations. This is used to compensate for the lack of 

photons which would contribute to the energy deposited at 1 
cm on the water phantom surface if it was surrounded by 
water instead of the existing air. 

The scatter factor Fscatt is defined as the ratio of the 
water kermas obtained for the phantom surrounded by water 
and by air at the phantom surface. An analytical expression 
for Fscatt is: 

∫

∫
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⎞
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where E is the photon energy and φair and φw are the fluence 
energy distributions of photons when the phantom is 
surrounded respectively by air and water. The factor 
( )wenµ ρ/  is the mass energy absorption coefficient for a 
photon of a given energy on the water phantom surface. 

The Fscatt factor is expected to have a relatively large 
value compared to the contributions of the remaining factors 
estimated by Monte Carlo simulations. The determination of 
Fscatt was performed considering first the 125I seed as a point 
source. Finally, a 3D geometry was taken into account to 
model a more realistic seed design. 

A. Scatter Factor Estimate for a Point 125I Source 

For the point source simulations, several Monte Carlo 
codes were used for the estimate of the scatter factor: the 
PENELOPE 2006 Monte Carlo code [15], and two versions 
of the Monte Carlo N-particle code (the MCNP5 1.4 [16] 
and the MCNPX 2.5 [17]). 

The fluence energy distributions of photons at the sphere 
interface were derived for the two different configurations 
(air or water surrounding media). In addition, the angular 
and energy distributions of the photons impinging the point 
of interest on the spherical phantom surface were calculated 
and plotted (see Figure 7). This figure shows that a large 
fraction of photons crosses the spherical phantom surface 
with their initial direction and energy of emission. The main 
difference between the “air” and “water” configurations 
concerns photons scattered between 90 and 270°, whose 
energy is under the four main emission peaks of 125I. Those 
photons represent about 3.7 % and 0.01 % of the photons 
crossing the spherical phantom surface in the two 
configurations respectively.  

As shown in table 3, all the Monte Carlo codes are in 
good agreement for the estimate of the Fscatt factor 
calculated using the “air” and “water” fluence energy 
distributions of photons at the sphere interface. The mean 
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value of the Fscatt factor is about 1.1703 ± 0.0012 when the 
125I radioactive seed is modelled as a point source using the 
three MC codes. The uncertainty on the Fscatt factor is 
calculated as the standard deviation on the mean of the three 
values, since combining individual statistical uncertainties 
provides a negligible value (≤ 10-4, see table 3). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 7 Angular and energy distributions of photons on the surface of the 
source-phantom assembly at the point of interest 

Table 3 Calculations of the scattering factor, Fscatt, and of its statistical 
uncertainty when modeling the 125I seed source as a point source 

 

MCNP5 MCNPX2.5 PENELOPE 
2006 

(MCPLIB4, EL03) (EPDL, 
EPDL97, EADL) 

 

Tally F2 Tally F2 PENMAIN 

History number 108 108 107 

Fscatt 
urel(Fscatt) 

1.1695 
0.001 % 

1.1696 
0.001 % 

1.1717 
0.01 % 

B.  Scatter Factor Estimate Considering a Realistic 125I  
Seed Source Design 

Different seed geometrical designs cause a large seed-to-
seed variability. This is encountered even for a given seed 
manufacturer. The seed selected for computational 
modelling was the Nucletron 125I seed (model 6711, see 

figure 8 and [6]). The geometry is shown in figure 8 using 
GVIEW2D tools included in the PENELOPE 2006 
installation package. 

 

Fig. 8 PENELOPE model of the 6711 125I seed model (Nucletron) 

Table 4 describes characteristics of the materials 
included in the seed geometry model. The 125I radioactive 
material is assumed to be homogeneously distributed within 
a 1 µm thick layer. The 125I emission spectrum is taken from 
the Nucleide database [18]. 

Table 4 Characteristics of the materials modelled for the 125I seed 

Name Density (g/cm3) 

Air 1.20479⋅10-3  

Silver bar    10.5 

Titanium 4.54 
radioactive layer  
(AgBr-AgCl) 6.0  

The factor, Fscatt, calculated using the PENELOPE 2006 
code, with an energy cut-off of 1 keV for both electrons and 
photons, is equal to 1.156 with a negligible statistical 
uncertainty (<10-5). This value was compared to that 
obtained from MCNP5 1.4 [16] simulations. The number of 
simulated histories was 108 for PENELOPE 2006 and 5.109 
for MCNP5 1.4. Differences between the Fscatt values are 
within 0.2 %.  

V. CONCLUSION 

The philosophy and method of the LNE-LNHB approach 
is original and therefore deviates from that used by the two 
other participants of the project (PTB and INMRI-ENEA), 
which develop primary standards both based on 
extrapolation chambers. This fact will enhance the quality 
of the knowledge of the final dose to water estimate by 
providing different ways of indentifying possible biases 
introduced by the different methods studied. 

As part of the LNE-LNHB primary standard design, 
some factors were estimated by Monte Carlo simulations 
(Fair , Fscatt). The main contribution of all factors comes 
from the value of the Fscatt factor. Consequently, we expect 
to calculate this factor with the lowest uncertainty. 
Furthermore, validations of this factor by comparison with 
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experimental measurements using thermoluminescent 
microcubes dosimeters are expected to be carried out. 
Additionally, the sensitivity of the Fscatt factor with the 
geometry and design variabilities of realistic 125I seeds will 
be investigated. 
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Abstract— Purpose: To estimate intrafracional motion of the

prostate in a routine clinical setting during IMRT treatment and

its impact on margin reduction and treatment time.

Method and Materials: We outline the theory and algorithms

needed to provide positional information from images obtained

during IMRT treatment with dynamic sliding window tech-

niques. The patients underwent a marker match procedure en-

suring correct positioning at time of treatment. For all fields

intra-treatment images were obtained, yielding 5 to 7 images

per fraction. The images were processed using the proposed al-

gorithm. The markers were detected in the image using an au-

tomated methodology.

Results Application of this algorithm to 8 patients (960 images)

yielded visible marker data for all images. For most fields start-

ing parameters for the minimization routine needed to be deter-

mined manually. Starting parameters were identical within all

images for a single beam direction for a given patient. For all of

these patients time data was available and extracted.

Conclusion: We have shown that it is possible with limited

means to obtain relevant information on the position target vol-

umes during treatment. The amount of data gathered is provides

a wealth of free information without the need to setup compli-

cated databases.

Keywords— Radiation Therapy, IMRT, IGRT, intrafractional

movement, prostate carcinoma

I. INTRODUCTION

Currently, there are many centers using IMRT for the treat-
ment of prostate cancer. As we now have many more tools
at our disposal due to the availability of imaging modalities
(kV Imaging, ultrasound imaging, CT on rails) in the treat-
ment room, we are quite confident that we can determine the
localization of the prostate to within a few millimeters be-
fore the start of treatment. This experience allows us to think
of reducing the margins we create to alleviate for setup and
movement errors. Of course the margins need to still take into
account possible errors in conversion from gross target vol-
ume (GTV) to clinical target volume (CTV) as well as the oc-
casional intra–fractional motion. The latter is relatively hard

to quantify as it requires specialized equipment (in–treatment
kV–fluoroscopy or implanted electronic transponders). It is
clear that data is available in the literature and that one can
make a reasonable estimate on the movement. However, it is
good clinical practice to determine the extent and incidence
in movement in ones own department as time frames and cul-
tural differences can affect this.

It is the goal of this paper to provide tools to estimate the
intra–fractional movement of the prostate in a routine clinical
environment. ‘

II. THEORY

An image from an EPID can be thought of as the response
of the imager to a particular signal (e.g. variation in flux) over
the detector surface. A number of authors have pointed out
that the response of modern flat–panel amorphous silicon (a–
Si) is linear with respect to this signal[1, 2]. Furthermore, a-Si
EPIDs have a large dynamic range compared to film and first
generation camera–based imagers, the response also remains
linear within this range. This means that the response to a lin-
ear superposition of signals will be represented as such in the
response (e.g. image) of the EPID. The high dynamic range
guarantees that small signals superimposed on larger signals
will be preserved unchanged.

A. Modeling IMRT images

In the case of images obtained during an IMRT treatment
using a cumulative or frame–averaging mode, the signal dis-
played by the EPID can be written as the sum of the following
components.

1. The intensity modulation (I)
2. Patient attenuation (A)
3. Scattered radiation (S)
4. Internal anatomy, implanted markers.(P)

the patient anatomy produces a small signal (contrast of the
order of 3%), superimposed on a larger (slower varying) sig-
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Fig. 1: In the plot on the left we see a cross profile of a averaged portal image with and without the patient in the beam. Using a linear transformation the two
profiles can be matched. This is mainly due to an uniform scatter contribution, typical in prostate fields.

nal: the intensity modulation (contrast > 5%), patient atten-
uation and an additive scatter contribution. Figure 1 shows
the application of this procedure on a cross section of a field
obtained, with and without a patient in the beam.

The total signal T (i, j), with i and j pixel coordinates can
be written as a multiplicative superposition of all contribu-
tions, except for the scatter contribution which is additive.

T (i, j) = I(i, j)P(i, j)A(i, j) + S(i, j) (1)

Because of the linearity this translates directly to the response
of the imager and hence the portal image itself.

It is our hypothesis that the contribution of the patient at-
tenuation and scatter do not change the IMRT signal but for a
change in scale and can be modeled as a linear transformation
of the latter signal:

I′ = a∗ I(i, j) + b (2)

With a ∈ R+ and b ∈ R. The parameters a and b can be
thought of as a gain and offset. Figure 1 illustrates this con-
cept. We can obtain an the response of the imager to this
signal by either irradiating the imager without the patient
in place or by convolving the intensity map obtained from
a planning system with a relevant kernel. The kernel de-
scribes the response of the imager to the system as well as
the sequencing and leakage issues of the delivery system.
Warkentin et al.[3] showed that an imager’s response to a
dose flux could be modeled using a convolution kernel of the
form:

z = e−c1
√

x2+y2
+ c2e−c3

√
x2+y2

(3)

The parameters c1, c2 and c3 can be fit to generate an ade-
quate representation of the imager–MLC combination that is
used.

In the application envisaged here this step is implicitly per-
formed by using the QA–images which already have detector
response incorporated.

B. Determining gain and offset

The parameters a and b, defined above, can be deter-
mined by minimizing the χ2 distance between the T (i, j) and
O′(i, j), with the χ2–goodness of fit, defined by the following
expression:

χ2 = ΣN
i, j=1

||T (i, j)− I′(i, j)||2
σ(i, j)

(4)

With σ(i. j) the variance per pixel for different measure-
ments. We chose this to be the variance of a flood field image
looking at a small area. The value we found was 2.48. The
minimization can be performed using a variety of algorithms.
We chose to use a Nelder and Mead simplex minimization
algorithm[4], for no other reason that it was the simplest to
implement. The resulting value, is an indication for the good-
ness of fit and provides a probability for this fit.

C. Resulting image

We define the resulting image R(i, j) as the subtraction of
the adapted open image (I′) from the original image T (i, j).
Applying the model described above this can be written as:

R(i, j) = I(i, j)P(i, j)A(i, j) + S(i, j)−a∗I(i, j) − b(5)
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Fig. 2: Subsequent images for IMRT treatment of the prostate after Intensity map subtraction and display enhancement. The horizontal lines are due to a
slight misalignment of the MLC leafs in the open image with respect to the treatment image.

Considering scatter to be an offset, determined by the mini-
mization, in mathematical terms S(i, j) = b.

R(i, j) = I(i, j)P(i, j)A(i, j)−a∗ I(i, j)) (6)

After some trivial manipulation we find an expression for the
the original information: A(i, j)P(i, j):

A(i, j)P(i, j) =
R(i, j)
I(i, j)

+ a (7)

D. Considerations

It is important to stress a number of the assumptions made
above. Essentially, we assume that the images are fairly small
and that the variations of patient attenuation in the field are
small. This is a fair assumption to make in the case of inten-
sity modulated treatments. Furthermore, we assumed that the
image geometry was stable and constant between the acqui-
sition of the open field (O) and the acquisition of the portal
image (I). The latter assumption is not always the case. The
position of the portal imager with respect to the treatment
beam can vary from day to day and from field to field due to
operator error or sag of the arm supporting the EPID. If these
shifts and sags are small then they can be taken into account
using registration algorithms as the assumptions made above
are relatively robust to small changes[5, 6, 7].

III. APPLICATION

All patients in this study were treated for carcinoma of the
prostate using either a 5–field or a 7–field in–plane IMRT

technique. The delivery is performed using a sliding win-
dow technique. All patients had 4 implanted gold markers
that were used to position the patient for each fraction. The
marker match procedure used a combination of orthogonal
kV– and MV–images (no gantry rotation) after which couch
adjustment was performed. All IMRT fields were delivered
while the Megavoltage imager was extended and initialized
to acquire an average image for the treatment. This yielded,
in total, between 7 and 9 images for each fraction of each
patient.

A. Image Enhancement

The images obtained from various angles can be used to
reconstruct the spatial position of each marker if the marker is
visible. This has been used in the clinic for a number of years
and is a proven technique [8]. Because we need a combina-
tion of two fields we can obtain 3–dimensional positional in-
formation at 4 to 6 moments during the treatment procedure.
Due to the fact that the treament is a dynamic sliding window
IMRT technique, the intensity pattern drowns out any infor-
mation of the markers on the images. Therefore we need to
apply the enhancement technique described above.

Before start of treatment for each patient, clinical routine
dictates a quality assurance routine involving the gamma–
evaluation of each intensity modulated field using the portal
imager. This implies that the intensity modulation and its ef-
fect on the EPID is available. ‘

Finally, the images are reduced to 8 bit images using a
polynomial subtraction technique[9], yielding images that
can be imported in off–the–shelf registration software. Fig-
ure 2 depicts all treatment images from a patient during a sin-
gle fraction. All markers can readily be detected by the naked
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Fig. 3: Timing of all images with respect to the first match image for a
single patient. The X–axis holds the treatment dates. The ticks in the

Y–direction show where images were taken. The zero here is the first kV
image. Note the large time lag between the first two images (kV and MV

computer not synchronized).

eye. Also note that the bony anatomy shows excellent visi-
bility. The inherent noise in the classical portal images being
reduced by averaging.

B. Automated Marker Detection

The fiducial markers are automatically detected in all
projection images. After filtering using a marker extraction
kernel (MEK) as proposed by Nederveen et al[10]. Subse-
quently, the marker positions are optimized using dynamic
programming. A shape cost constrains the expected devia-
tion from the initial position which was currently manually
defined on the first treatment fraction but can easily be ex-
tracted from the planning CT in future work. The marker de-
tection algorithm was validated using manual marker place-
ments. This yielded an error below 0.8mm on the 3D position.

C. Timing information

Another important item of information is the exact time at
which we can detect movement. In the clinical implementa-
tion every image is stored in the patient database with a time
stamp. So for every image starting from the kV image we
have a time in seconds since the beginning of the day. Look-
ing at Figure 3 we notice an extensive time lag between the
first, second and third images. The second lag is due to the
evaluation and adjustment phase of the protocol. The first lag
however could not be explained as the acquisition of these

images is performed without gantry rotation. In this specific
implementation the kV imaging is performed on a different
computer as The second lag is due to the evaluation and ad-
justment phase of the protocol. The first lag however could
not be explained as the acquisition of these images is per-
formed without gantry rotation. In this specific implementa-
tion the kV imaging is performed on a different computer
as the EPID imaging. Synchronization between the computer
clocks resolves this problem.

IV. CONCLUSIONS

We have shown that it is possible with limited means to ob-
tain relevant information on the position target volumes dur-
ing treatment. The amount of data gathered provides a wealth
of free information without the need to set up complicated
databases. In the future we expect to refine this measurement
technique by reducing the measurement error eliminating the
effect of gantry and imager sag.
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Abstract—Recent years have witnessed tremendous pro-
gress in IGRT technology and potential possibilities for adapt-
ing treatment planning on a daily basis.  However, there is a 
lack in having software tools toward this goal. Therefore, we 
have implemented a software suite, DIRART, for deformable 
image registration (DIR) plus adaptive radiotherapy (ART) 
research.  DIRART is a large set of programs developed using 
MATLAB. It contains DIR algorithms, common ART func-
tions, integrated graphics user interfaces, visualization fea-
tures, and dose metrics analysis functions. In addition, it com-
plementarily works together with CERR (Computational 
Environment for Radiotherapy Research) to offer more func-
tions. DIRART is designed around the concepts of the interac-
tive RT objects, including images, structures, doses and de-
formation vector fields (DVF) etc. By exchanging RT objects 
with TPS via DICOM-RT files, DIRART provides a full fea-
tured working environment for ART related research tasks. It 
is capable of transforming dose distributions and structures 
between the planning CT and the daily images according to the 
computed DVF so that such RT information could be viewed 
and evaluated on either image sets. It can also rescale, subtract 
and sum up the transformed doses, and convert isodose lines to 
structures. For DIR applications, DIRART is a toolbox which 
provides 20+ DIR algorithms, including the newer inverse 
consistency algorithms to provide consistency DVF in both 
directions with better accuracy. As a DIR research environ-
ment, DIRART dose not only provide a good set of image 
preprocessing algorithms and post-processing functions to 
facilitate the development and testing of DIR algorithms, but 
also offers a good amount of options for results visualization, 
evaluation and validation. DIRART is designed in a data-
oriented style with focus on usability, user-friendliness, per-
formance, accuracy, flexibility, features, configurability and 
stability. It has great potential for the ART and DIR research. 

Keywords—Deformable image registration, adaptive radio-
therapy, treatment adaptation. 

I. INTRODUCTION  

DIRART is a relative large and ambitious project. This 
project started two years ago as a deformable image regis-
tration MATLAB program with simple graphics. After 
continuous improvements and major redesigns, it has be-
come a complete software environment for deformable 
image registration and adaptive radiotherapy research. The 
scale of DIRART is fairly large. Up to now, it contains 

450+ MATLAB program files with 40000+ program lines, 
plus many C/C++ programs to interface with ITK (Insight 
Segmentation and Registration Toolkit) and other software 
packages.  

From users’ standpoint, DIRART is: 1) a collection of 
DIR (deformable image registration) algorithms under two 
common frameworks, plus visualization and validation 
features, 2) an ART (adaptive radiotherapy) toolkit which is 
able to perform dose and structure remapping, dose accu-
mulation and analysis using the DIR results, 3) a treatment 
plan viewer with many unique visualization options, 4) a 
complimentary package to CERR (Computational Envi-
ronment for Radiotherapy Research) [1] to provide addi-
tional DIR and ART functions to CERR. Moreover, by 
exchanging DICOM-RT data, it could be used an external 
interface to commercial TPS (treatment planning system). 

 
Fig. 1 The general work flow. DIRART imports RT data from scanners 
and TPS by using CERR. While mostly carrying out its functions alone, 
DIRART complimentarily works with CERR by sending results for 
DICOM exporting, additional data analysis 

DIRART uses many CERR MATLAB functions, espe-
cially functions for DICOM-RT import and export, dose 
metrics computation, etc. Therefore, DIRART requires 
installation of CERR to be fully functional. Fig. 1 outlines 
the major functions of DIRART and its interactive relation-
ships with CERR, TPS (treatment planning system) and 
imaging devices. 

II. OVERVIEW 

As illustrated in Fig. 2, DIRART is designed around the 
concepts of the individual and interactive RT objects, in-
cluding images, structures, doses and deformed vector fields 
(DVF) etc. All RT objects are processed independently 
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based on their physical representations (position coordi-
nates, voxel sizes, origin, orientation, etc). For example, a 
structure object contains a collection of contour points that 
are defined in the same coordinate system as the associated 
CT image. The structure is independent from the CT image 
because its contour points are not necessarily on the CT 
slices. A dose volume shares the same physical coordinate 
system as the CT scans and structures, but could have a 
completely independent volumetric coverage and voxel 
sizes. By enforcing such independencies, DIRART has the 
flexibility to transform RT objects among different imaging 
coordinate systems. For example, image registration could 
be performed on the cropped image volumes with user con-
figurable spatial resolutions in order to improve the compu-
tation efficiency. The resulting DVF can then be applied on 
the original CT scans (before cropping and with different 
spatial resolution) or the structures for various ART tasks. 

Besides its DIR and ART functions, DIRART provides 
an integrated graphics user interface which offers accesses 
to all major functions, visualization features and configur-
able options. In the other side, DIRART functions could 
also be invoked from MATLAB scripts so that DIR and 
ART tasks could be streamlined without user interactions. 

III. FUNCTIONS AND FEATURES 

A. Image Processing 

We have implemented the following image processing 
procedures: 1) Smoothing (Gaussian low pass, 10 different 
edge preserving smoothing filters). 2) Histogram equaliza-
tion (regular, contrast limited). 3) Window level transforma-
tion. 4) KVCT to MVCT intensity remapping. 5) Detect and 
paint bowel gas pockets [2]. 6) Re-sampling (with various 
resampling filters). 7) Cropping. 8) Padding. 9) Image in-
tensity manipulation by structures. 10) Mathematic opera-
tions on image intensity values. These image processing 
techniques help DIR algorithms to achieve better accuracy. 

B. Rigid Image Registration / Alignment 

DIRART does not have many rigid registration algorithms. 
Instead, it imports rigid image registration results (as trans-
formation matrix) from CERR, or from DICOM-RT files. 
DIRART however has a good image alignment method, 
which allows two images to be aligned by POIs (points of 
interest), and geometry or mass centers of structures, etc. 

 
Fig. 2 DIRART is designed around the concepts of RT objects, including 
images, structures, doses and deformation vector fields (DVF). These 
individual RT objects interact in the DIRART system via different DIR and 
ART tasks 

C. Deformable Image Registration (DIR) 

We have implemented two common DIR frameworks in 
DIRART, the asymmetric registration framework and the 
inverse consistency registration framework. The inverse 
consistency framework [3] is able to generate DVF and 
inverse DVF simultaneously without explicitly inverting the 
regular DVF in a post-registration operation. Both frame-
works support multi-resolution approach and multiple pass 
approach. They also provide necessary image resampling, 
DVF resampling, concatenation and optional smoothing 
operations after passes and multi-resolution stages. The GUI 
is constantly updated during the DIR computation. There-
fore users could view the progresses of the computation. 

Actual DIR algorithms are implemented under the 
frameworks. We have implemented many DIR algorithms 
and variants, and the interface to ITK so that DIRART can 
execute the DIR algorithms implemented in ITK. The avail-
able DIR algorithms are: 1) 12 optical flow algorithms [4], 
2) 6 demons algorithm [5] and variants, 3) 4 level-set algo-
rithms, 4) 5 DIR algorithms from ITK (including demons 
algorithms and B-spline algorithm).  

DIRART offers the following post-registration opera-
tions on DVF after a DVF is computed: 1) smoothing, 2) 
computing inverse DVF for asymmetric DIR algorithms, 3) 
accuracy validation (with a ground truth DVF, or landmark 
pairs), 4) analysis (Jacobian, magnitude histogram, etc), 5) 
inverse consistency error measurement. 

D. Adaptive Radiotherapy (ART) 

ART is a very broad topic. In DIRART, we have imple-
mented the functions to transform information (image data, 



846 D. Yang et al.

 

  
 IFMBE Proceedings Vol. 25  

 

structures and dose) between the two image sets so that 
information originally defined on one image could be proc-
essed (visualized, evaluated, etc) on the other image do-
main. Transformation could be a coordinate value shifting 
(without deformation) and a DVF based coordinate remap-
ping (with deformation). 

Remapping (with or without deformation) of doses and 
images are resampling of these volumetric data and it is 
technically easier after both DVF and inverse DVF are 
computed. Remapping information defined on the moving 
image onto the fixed image domain needs to use (regular) 
DVF. Remapping information in the other direction needs 
to use the inverse DVF. 

 
Fig. 3 DIRART structure propagation workflow. This procedure deforms 
the moving image structures onto the fixed image by using the inverse 
DVF 

Remapping structures is less straightforward and worth 
further explanation. Fig. 3 shows the DIRART work flow to 
remapping the structures defined on the moving image onto 
the fixed image. A structure imported from DICOM-RT is 
as a collection contour points defined on the 2D slices of the 
moving image. After remapping these contour points, we 
need to reformat the remapped structure data into a same 
style (as contour points defined on the slices of the fixed 
image) before the generated mew structure data could be 
sent to CERR and exported to DICOM-RT files. This is the 
reason why the relative complicated workflow is employed. 

The procedure to remap structures from the fixed image 
to the moving image is similar to Fig. 3 but the regular DVF 
is used instead of the inverse DVF. Structure remapping 
could also be done by deforming the structure mask and 
then converting the deformed mask volume into 2D contour 
points. This alternative workflow is also implemented in 
DIRART. 

DIRART has a dose manager and a structure manager. 
The dose manager can load, delete, rescale, add/subtract and 
rename doses. Dose subtraction and summation are impor-
tant to evaluate the dose difference between fractions and to 
compute the dose accumulation. Both subtraction and sum-
mation are performed in conjunction with resampling if 
doses are in different voxel positions and/or resolutions. 

The structure manager has functions to rename, cleanup, 
shrink, expand, smooth, transfer and delete structures, as 
well as to turn structure display on/off, and change structure 
display colors. DIRART can also convert user configured 
isodose contours into structures, and further process (trans-
fer, smooth, export, etc.) them as regular structures. 

 
Fig. 4 Screen shot of the DIRART main GUI. This is a H/N cancel patient. 
This example demonstrates some of the DIRART visualization options. 
There are 7 display panels, each is individually configured to display 
different or combined data, in different 3D views, zooming settings, color 
setting, etc. There are two doses, one for the moving image and another for 
the fixed image. Doses could be displayed in isodose lines (with or without 
labels) and/or in colorwashes. Structures could be displayed with only 
contour lines, or with color filled. DVF could be displayed as vectors or as 
deformed grid lines. Line colors and thickness are configurable. The differ-
ence images could be shown in either colors or in gray scales 

 
Fig. 5 Captured screen for the image cropping GUI. The yellow boxes are 
the cropping boundaries drawn using mouse 

E. Graphic User Interface and Visualization 

Visualization is a very important part of DIRART. 
DIRART is able to display all RT objects together in multi-
ple individually configurable display panels. In fact, 
DIRART could be used as a treatment plan viewer. Com-
paring to CERR, it has many different visualization options 
(Table 1), especially for structures and doses. Fig. 4 shows a 
screen capture of the DIRART GUI. Fig. 5 shows another 
screen capture of the image cropping GUI, which allows 
users to use mouse to define the cropping boundary boxes 
on the max-projection of the image views displayed to-
gether with max-projected structures. 
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Table 1 Visualization options for RT objects 

Objects Visualization Options 
Image 1) The original images, 2) the difference images, 3) the 

deformed images, 4) images in composite color channels, 5) 
checkerboard images, in gray or in color, with and without 
grid lines, with configurable grid sizes 

Dose 1) Isodose lines, with labels on or off, with or without color 
filled between lines, 2) dose colorwash, 3) both 

Structures Image association: 1) only with associated image, 2) on any 
image. Color: user can select color for individual structure. 
Display mode: 1) in contours, 2) color filled, 3) both 

DVF DVF to display: 1) backward DVF, 2) forward DVF. 
Vector display mode: 1) In arrows, 2) As deformation grids 
DVF scalar data display in color wash: 1) projection in L-R, 
2) in A-P, 3) in S-I, 4) magnitude, 5) Jacobian 

F. Convenient Features 

DIRART allows users to save the entire working data set 
into a disk file, and to load the entire project back in a later 
time to continue previous works. DIRART also allows its 
internal data to be exported to MATLAB environment so 
that the data could be further processed by user provided 
MATLAB programs or scripts. 

IV. DISCUSSION AND FUTURE WORKS 

A. Performance and Computation Speed 

Computation speed of DIR algorithms in DIRART is ac-
ceptable. DIRART allows user to crop the images before an 
actual DIR computation and allows users to configure voxel 
resolution for DIR computation. In this ways, the actual 
dimensions of the images in DIR computation are limited, 
and the DIR computation time and computer memory re-
quirement are controllable. For example, we use a resolu-
tion 2×2×3 mm3 for head-neck patients. For image sizes of 
130×140×82, DIR computation finishes in 80 seconds on a 
Dell Optiplex 755 desktop PC with 2.66 GHz CPU and 
2GB RAM. The actual computation speed is of course de-
pended on the DIR voxel resolution and the size of image 
cropping region. In general, DIR computation time has 
become a less important factor in the total time of an ART 
task, instead of the major factor as it used to be. 

B. What Does DIRART Not Do? 

DIRART does not have a dose computation engine to 
compute daily doses from daily images and treatment plans. 
However, this could be compensated by using the Monte 
Carlo dose computation engine with CERR (will be also 
available for DIRART). DIRART also does not do online or 

offline adaptive treatment planning re-optimization based 
on daily images, which is a work in progress in our group. 

C. Future Works 

Here are the future works in our plan: 1) add more DIR 
algorithms, especially spline-based algorithms and FEM 
algorithms, 2) computation speed improvement via GPU 
acceleration, 3) direct DICOM-RT import and export, 4) 
daily dose computation, 5) be able to exchange DVF objects 
with other ART software tools. 5) Validation of dose and 
structure deformation. 

V. CONCLUSION 

DIRART is a large scale software suite for deformable 
image registration and adaptive radiotherapy research. With 
its integrated GUI, it allows researchers to perform DIR and 
ART tasks without being overwhelmed by the details of 
DIR algorithms and ART operations. It fills the need of 
such software tools in the radiotherapy field, and has great 
potential in its roles as an ART working environment and a 
DIR research and development software suite. 
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Abstract—  We present an alternative technique for inverse 
planning optimization and apply it to volumetric modulated 
arc therapy (VMAT) delivery in one rotation with a prior 
knowledge about the type of leaf motions. The optimization is 
based on the Projection Theorem in inner product spaces. 
MLC motion is directly considered in the optimization, thus 
avoiding leaf segmentation. In this work we present the results 
for two types of realizations of this method. At first, it is ap-
plied to concave irregular targets encompassing an organ at 
risk, leading to a repetitive MLC motion pattern. The second 
example shows how this method can be applied to small, ir-
regular convex targets next to organs at risk. In general, ap-
plying the Projection Theorem leads to a non-iterative optimi-
zation method, and reduces to solving few systems of linear 
equations with small numbers of dimensions. The solution of 
the inverse problem is unique, and therefore false minima are 
naturally excluded. We divided the full rotation into short arc 
segments (between 30 – 50 beam directions) and for each seg-
ment decomposed dose into separate contributions related to 
basic parts of the MLC motions. The design of these delivery 
schemes is specific for a class of problems, i.e. whether concave 
or convex target volumes are considered. In our applications, 
the number of degrees of freedom per arc segment for concave 
targets is 4 and for convex targets 2. The total number of free 
parameters for a 3D problem is: degrees of freedom per arc 
segment (2 or 4) ×  number of beam directions (30 – 50) ×  
number of slices. 

Keywords— CD-ARC, arc, dynamic MLC, IMAT, VMAT, 
rotation therapy, inverse planning. 

I. INTRODUCTION  

In this paper we present an alternative method for inverse 
planning optimization and apply it to intensity modulated 
arc therapy in one rotation using dynamic multi-leaf colli-
mators (dMLCs) for modulation. Recently, Otto [1] intro-
duced the notion of the Volumetric Modulated Arc Therapy 
(VMAT) and presented a new optimization scheme. VMAT 
was presented as an arc therapy technique with optimized 
gantry and dMLC motions and dose rates for beam modula-
tion solving an inverse problem. In the scheme of Otto, 
MLC-gantry motion is directly incorporated into the opti-
mization by iteratively adding and adjusting MLC apertures 
for various gantry angles. Therefore, leaf segmentation 

characteristic of Intensity Modulated Arc Therapy (IMAT) 
[2] is not needed. We pose a different problem for inverse 
planning and find a solution for it by applying the Projec-
tion Theorem in an inner product space. Because the nature 
of the problem we pose is different this solution has unique 
properties, quite different from typical IMRT or VMAT. 
This method, when applied to the concept of VMAT, has 
similar advantages to the one introduced by Otto, however, 
it is essentially different in that it is non-iterative and has 
several other potentially interesting properties, which might 
be utilized in inverse planning in general.  

This method was first applied by our group to cylindrical 
targets (Zygmanski et al. [3]). Now we present extensions 
of this approach and show latest results for more clinically 
relevant PTV and OAR geometries: a concave target sur-
rounding one organ at risk (Application 1) and a small con-
vex target next to two organs at risk (Application 2).  

II. MATERIALS & METHODS 

A. Introduction of Projection Theorem to inverse planning 

Applying the Projection Theorem is based on the idea of 
having a linear decomposition of the total dose into small 
dose contributions. This has to be designed in a way that the 
final total dose is a linear combination of basic doses 

jd with coefficients that represent the degrees of freedom 

one wants to optimize. Therefore in the modeling of the 
problem these coefficients represent the free parameters of 
the modulation. This means, the total dose at point x

r  is 

 ),()( xdxD j
j

j

rr ∑= α  (1) 

where x
r

 is a two-dimensional vector in our applications 
for the purpose of a slice by slice optimization. Let )(xDp

r  

be the prescribed dose, then we want to solve the inverse 
problem  

 ,))()(()(min 2 xdxDxDxw p

rrrr −⋅∫
Ω

 (2) 
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where )(xw
r  is a weighting function, which should have 

higher values at structures, that are more important to 
achieve the prescribed dose (e.g. higher values in the PTV 
and the OARs than in the rest of the body). By introducing 
the inner product  

 xdxgxfxwgf
rrrr

∫
Ω

⋅⋅= )()()(,  

in the space of two-dimensional continuous functions, the 
inverse problem stated in Equation (2) can simply be solved 
by applying the Projection Theorem. It states that there is a 
unique minimal distance between the prescribed dose and 
the linear combination of the basic dose contributions. The 
coefficients 

jα  can be directly calculated by solving a sys-

tem of linear equations (the normal equations)   

 .vH
rr

=⋅α  (3) 

The matrix H  consists of all inner products of the basic 
dose contributions 

jiij ddH ,= , v
r

 of all inner products of 

the prescribed dose with these dose contributions 

ipi dDv ,=  and the vector αr  contains all the coefficients 

iα  that have to be determined (e.g. see [4] for this concept). 

In this context the assumption that we have an a priori 
known linear combination of the total dose (Equation (1)) 
with the degrees of freedom as coefficients is nothing else 
than a regularization of the in general ill-posed inverse 
problem stated in Equation (2). Note, the objective function 
is necessarily of quadratic type to profit from the advan-
tages of an inner product. 

There are some properties that make this approach differ-
ent from other common approaches to optimization in the 
field of radiotherapy: 

• If the basis functions are linear independent, the result-
ing modulation is unique and exists always. This is not 
a strict condition and assures a clear physical meaning 
of the coefficients 

iα .  

• The optimization algorithm is non-iterative and calcu-
lates directly the global optimum, in difference to the 
gradient method or simulated annealing. This decreases 
computational costs, makes the optimization process 
more transparent and independent of starting values. 
The resulting coefficients are determined by solving 
small-to-medium sized systems of linear equations, 
what makes the optimization results easily reproducible. 

• Spatial discretization of dose, such as in the structure of 
interest, is not necessary in the description of the in-
verse problem. In consequence, one avoids high-
dimensional matrices in the optimization. 

• Because of the linear equation (3) there exists an ex-
plicit relation between the resulting modulation and the 
prescribed dose, the OAR and PTV geometries and the 
weighting )(xw

r . If one of these components is changed 

slightly (e.g. redefining of the PTV) the optimized dose 
profiles will also change just slightly. This makes the 
results more intuitive to interpret and might be used in 
adaptive planning, for instance.  

For the two applications in B and C we present a single 
slice optimization (that can be straightforwardly extended to 
3D targets). We modeled the inverse problem by discretiz-
ing the full rotation of the gantry into an irradiation at 30 to 
50 beam directions. At each of these gantry positions a 
problem specific dose profile (convex or concave shaped 
targets) is applied. These dose profiles have just few de-
grees of freedom and are in direct relation to MLC motions. 
The results are applied during the continuous gantry rotation 
by performing in every arc segment the corresponding MLC 
motions, what leads to a single rotation – typical for VMAT 
as presented by Otto [1]. 

In the two applications we used a 6 MV parallel beam 
model based on convolution with a Gaussian (standard 
deviation of cm354.0=σ ) for scattering and an exponential 

attenuation with a factor of 1055.0 −= cmμ , like done by 

Brahme et al. [5]. Additionally a maximal leaf speed of 
1

max 3 −⋅= scmv  is regarded throughout the optimization. 

Please note, not all the results for the 
jα  when solving 

the system of equation (3) have valid values (e.g. too high 
leaf velocity or negative dose effects). Therefore after a first 
run invalid values can be set to valid limit values and in 
consequence the equation system is modified. Solving this 
modified system optimizes the rest of the free parameters. 

B. Application 1: Concave PTV surrounding one OAR 

In this application we consider a concave shaped PTV 
that is encompassing an organ at risk, like typical for pros-
tate cases. In Figure 1 (left) on the one side the geometry 
itself is shown, on the other how we designed the beam 
directions. We used 30 beam directions with constant spac-
ing of 7.5 degrees, so that in every beams-eye-view parts of 
the PTV are visible while being tangential to the OAR. At 
each of these directions a dose profile like in Figure 1 
(right) is applied (for the purpose of easy understanding we 
neglected the scattering in this plot). This dose profile has 4 
degrees of freedom (due to one constant function and two 
linear functions with a continuity point). In a general con-
text, the choice of this type of dose profile has strong back-
ground by the results of Brahme et al. [5] and Bratengeier 
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[6], which state that on the side of OAR one needs a steep 
dose gradient while in the PTV the dose is decreasing. 

 
Fig. 1: Left: Geometry of concave PTV and OAR and two exemplary beam 
directions (the central axis is marked as a small cross), Right: the flexible 

dose profile with four free parameters at every beam direction.  

As result of optimization and by assuming a rather low 
constant dose rate of 100 cGy/min one gets the correspond-
ing MLC motions as shown in Figure 2. After applying this 
MLC motions during one whole rotation (by using the same 
beam model as for optimization) the total dose distribution 
presented in Figure 3 is achieved. The PTV is covered very 
well with 99.5% of prescribed dose and has a maximum at 
106.5%. Due to being tangential to the OAR a very steep 
dose gradient is achieved. The total time for irradiation 
(using gantry speed of 0.71 degree per second) is 8 minutes 
29 seconds and can be decreased to approximately 3 min-
utes by increasing dose rate and gantry speed in parts of low 
MLC velocities. 

 
Fig. 2: MLC leaf trajectory for concave target for the whole rotation. The 

left leaf (referring to BEV) is presented in green, the right one in blue. 

C. Application 2: Small Convex PTV surrounded by two 
OARs 

In this application a small convex PTV is considered next 
to two OARs. This time also body shape is included in the 
modeling (assuming a homogeneous body). Because we do 
not have basic theoretical background for the dose profiles, 
such as in Application 1, we consider a more general shape. 

 
Fig. 3: The resulting dose distribution after applying the corresponding 
MLC trajectory using the same beam model as for optimization. Color-

coded iso-dose lines given for 90%, 100% and 105%. Additionally shown: 
50% iso-dose as dashed black line. 

As shown in Figure 4 (right) at every beam direction a lin-
ear function is applied as dose profile what leads naturally 
to 2 degrees of freedom (slope and height) per arc segment. 
The 48 beam directions itself are designed to be equidistant 
with 7.5 degree steps and to have the whole PTV always in 
beams-eye-view. 
 

 
Fig. 4: Left: Geometry of the convex PTV (width = 3 cm, height = 2 cm), 
the two OARs, the body and two exemplary beam directions (the central 
axis is marked as a small cross), Right: the flexible dose profile with two 

free parameters at every beam direction. 

By assuming a dose rate of 300 cGy/min the resulting 
MLC motions look like shown in Figure 5. Applying this 
MLC motions during one whole rotation one gets the dose 
distribution as presented in Figure 6. The doses in the PTV 
vary from 100.0% to 103.2% of the prescribed dose and in 
the OARs from 1.9% to 21.7% with a mean value of 6.7% 
(median: 6.1%). Therefore a very conformal dose delivery 
to the PTV is achieved and the OARs are spared rather 
strong. Since in optimization irradiating the OARs directly 
is naturally avoided IMRT-like beam directionalities can be 
obtained. But in contrast to IMRT dose can also be broader 
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distributed and therefore lower in some parts of the normal 
tissue (e.g. see beam directions from the top). The gantry 
rotates with an angular speed varying between 0.77 and 5 
degrees per second. The total time for the irradiation is 2 
minutes and 56 seconds. 

 
Fig. 5: MLC leaf trajectory for convex target for the whole rotation. The 
left leaf (referring to BEV) is presented in green, the right one in blue. 

 
Fig. 6: The resulting dose distribution after applying the corresponding 
MLC trajectory using the same beam model as for optimization. Color-

coded iso-dose lines given for 90%, 100% and 105%. Additionally shown: 
20% (outer) and 50% (inner line) iso-dose as dashed black lines. 

III. CONCLUSIONS  

Applying the Projection Theorem in inverse planning is 
an alternative approach for optimization with a prior knowl-
edge about the type of leaf motions. This prior knowledge 
may vary between different classes of applications, for 
instance those presented in this paper. In determining the 
type of leaf motion required, the main criteria which we 
applied was whether the OAR is surrounded by the PTV 
(prostate-rectum problem) or not, however, the specific 
target geometry was not a crucial piece of information in 
this step. 

The optimization results have strong benefits, such as be-
ing unique (and therefore excluding false minima) and con-
tinuously depending on the input parameters, like 

PTV/OAR/body geometry, the prescribed dose and the 
weighting of the organs. 

The main assumption to apply this method is that the to-
tal dose can be linearly decomposed into basic dose contri-
butions in the definition of the inverse problem. These dose 
contributions have to correspond directly to MLC motions. 

As result, applying the Projection Theorem leads to a fast 
algorithm and the optimization results can be intuitively 
interpreted. For future work a direct 3D optimization can be 
considered in difference to the slice by slice approach 
shown in this paper. Using this extension several axes of 
rotation may be considered, like necessary for stereotactic 
cases. Another point that can be included immediately is to 
use a more realistic beam model, adding divergency and 
more realistic modeling of the scatter and attenuation. 

This method may have application to several standard 
cases in inverse planning and, due to the strong theoretical 
properties of the results, some future application in adaptive 
planning. 
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3 Years of Data Collection and Analysis of Film Flatness and Symmetry Using 
Vidar/RIT Software from Different Centers Nation Wide 

Allen Movahed 

Accuray, Inc, USA 

In clinical radiotherapy it is important that beam intensity 
be as homogeneous as possible to reduce the probability of 
treatment failure. As an extension of the well established 
concepts of beam flatness and symmetry for characterizing 
radiotherapy beams, the concepts of isodose flatness and 
symmetry are introduced. The definitions are tested with 
actual data obtained from linear accelerator water scanning vs 
film scanning using RIT/Vidar scanner. The intensity pattern 
variations were analyzed in film flatness dosimerty profile and 
results are presented. The concepts as defined appear to 
provide a useful quantitative indication of beam homogeneity 
using water scanning vs RIT/Vidar film scanning. 

Keywords––Radiotherapy beams; Beam flatness; Beam 
symmetry; Isodose flatness. 

I. METHOD AND MATERIALS 

EDR and V films were exposed to 200 MU 6X & 15X 
radiations at depth of 10cm in solid water phantom, 
100cmSSD with filed size of 20x20cm. Measurements were 
repeated with different phantom orientation, phantom of 
different vendors, and different packs of films, different 
processor, and different linac machines. Water beam 
scanning was done with PTW water tank at the lowest 
speed, central axis and at steps of 3cm off axis. Profiles 
were analyzed using Memphysto software. Exposed films 
were scanned at different 90’ intervals and flipped in each 
orientation for comparison. Measurements were repeated at 
four different centers with different linac and different RIT 
software and Vidar Scanner. 

II. RESULTS 

             
Zero dose  STD          Zero dose 90’ CCW     Zero dose 90’ CW 
Median 5x5 Palette    Median 5x5 Palette     Median 5x5 Palette 

            
6X-20x20-X Profile -3cm off axis      6X-20x20-X Profile central axis 
 Memphysto software version 7.3    Memphysto software version 7.3 
 Flatness 2.12%                                 Flatness 1.90% 
Symmetry 100.99%                        Symmetry 100.72% 

        
     6X Standard Orientation                   6X FLIPPED Orientation   
     Median 5x5                                Median 5x5 
     Normalized to 133.234cGy             Normalized to 133.234cGy                        
(Same as Standard Orientation) 
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15 X –20x20 X Profile cen- axis   15 X –20x20 X Profile -3cm off axis 
Memphysto software version 7.3   Memphysto software version 7.3 
Flatness 2.09%                                 Flatness 2.0% 
Symmetry 101.36%                         Symmetry 101.21% 
 

                             
    15X Standard Orientation –                15X Flipped Orientation- 
    Normalized to 154.336cGy                 Normalized to 154.336 cGy 
    Median 5x5                                          Median 5x5   

RIT’s film flatness scanning shows an area of increased  
intensity on the left hand side of the scan regardless of 
which Linac machine, Vidar scanner or the orientation of 
the phantom being used. On the other hand the water beam 
scanning profile collected by PTW showed persistent 
uniform symmetry and flatness using TG –45 guidelines. 

No mirror image was obtained in RIT when the flatness 
film was flipped or if rotated at different angles.  

Results of ‘Scan info’ test performed weekly on Vidar 
scanner for three months showed no failure and passed the 
overall performance.   

III. CONCLUSIONS 

None of the mentioned effects were seen while scanning 
a patient’s QA film. Only in scanning of flatness film, one 
would notice the above effects. 

RIT believes that a systemic scanner bias (within Vidar 
production specifications) may be causing this effect and is 
working on methods to compensate for any systemic 
scanner bias. In light of these results, water beam scanning 
remains the gold standard method of measuring flatness and 
symmetry.  
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Small Field MV Photon Dosimetry 
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Abstract––In megavoltage (MV) photon beams from linear 
accelerators, small field conditions occur as a result of two 
scenarios. Firstly, as the collimator opening is made smaller 
the entire photon source is no longer visible from the 
measurement point and, secondly, the size of the radiation field 
becomes small in comparison to the maximum lateral range of 
secondary electrons. As a consequence, in a small field, a 
reduction in beam output is observed on the beam central axis 
(CAX), as well as a widening of the penumbra in the 
transverse direction as a result of overlapping penumbrae.  

The first challenge in narrow beam dosimetry is the 
definition of field size, because the conventional approach of 
classifying fields based on the full width half maximum 
(FWHM) breaks down. The second challenge is that most 
commonly used detectors are simply too big for the 
determination of dosimetric parameters in a small field. In 
addition to detector size effects, perturbation effects, which 
could be neglected at larger fields, cannot for small fields. 
Furthermore, changes in the beam spectrum as the field size 
decreases, has implications in the measurement of reference 
dose based on existing dosimetry protocols.  

Although the use of small photon fields has been an 
established practice in stereotactic radiotherapy/radiosurgery 
(SRT/SRS) for many years, recent technological advances in 
conventional linear accelerators have improved their 
mechanical accuracy, stability, dosimetric control and there 
has been an increasing availability in the clinic of standard-, 
mini- and micro- multi-leaf collimators (MLCs). Specialised 
systems specifically designed for intesity modulated 
radiothearpy (IMRT) have also been introduced. Small fields 
are nowadays increasingly being used on treatment equipment 
(machines and treatment planning systems) not originally 
designed for their delivery and modelling. In small field 
modelling, in particular, to achieve the requirement of a 
computational accuracy of at least 3%, fluence and dose 
engines need to be enhanced or re-designed for modelling the 
size and shape of the source and its occlusion by the 
collimating jaws, the effect of these in shaping the penumbra 
and the lateral transport of charged particles in the irradiated 
medium. 

This paper addresses the questions and difficulties for the 
accurate dose determination in small MV photon fields. 

 



Virtual Spirometry: Utilizing an abdominal bellows system   
for quantitatively gating in 4D CT acquisition 
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Abstract — PURPOSE: To determine if an abdominal bellows 
system can be utilized in place of a spirometer for quantitative-
ly gating in 4D CT. While a standard metric in quantitatively 
gated 4D CT, spirometry presents significant challenges (signal 
drift, air leakage). When using non-spirometry breathing 
surrogates (e.g., bellows systems), questions of how to convert 
the breathing signal into a physiologically quantifiable signal 
have to be discussed.  

METHODS AND MATERIALS:  Based on an established 4D CT 
protocol, 41 patient data sets are acquired while measuring the 
breathing cycle using both spirometry and an abdominal pres-
sure bellows system. The bellows internal pressure is norma-
lized into a tidal volume signal by correlating it against drift 
and phase shift corrected spirometry. Assumptions such as 
stable phase relation and proportionality of the signals are 
examined. The air volume of the lung (internal air content) is 
determined by segmentation of the image data and compared 
to the bellows-based tidal volume to validate the normalized 
bellows signal.         

RESULTS:  For 14/41 data sets the proportionality factor of 
spirometry and bellows signal varied considerably during data 
acquisition, caused by spurious spirometry signals. Introduc-
ing a 2% correlation threshold (i.e., for time samples with 
correlation values <0.98 for spirometry and bellows signal the 
spirometry data are removed from further analysis), bellows 
and spirometry signals correlated well (stable phase relation 
and proportionality). Moreover, the measured ratio of internal 
air content and bellows-based tidal volume was 1.11±0.08, 
matching very well the theoretical value of 1.11 deduced from 
air density differences in room air and air inside the lungs.   

CONCLUSIONS:  Our data support the use of non-spirometry 
breathing surrogates like bellows systems for quantitative 4D 
CT – as long as the entire lungs are scanned to provide the 
internal air content which could be used to convert the non-
spirometry signal into a physiologically quantifiable signal. 

Keywords— 4D CT, gating, spirometry, breathing surrogate, 
respiratory motion 

I. INTRODUCTION  

Four-dimensional computed tomography (4D CT) has of-
fered the possibility to measure the range of internal respira-
tory motion. It therefore has the potential to improve radia-
tion therapy (RT) of thoraco-abdominal tumors significantly 
[1] and it is making its way into an increasing number of RT 

facilities. However, the development and optimization of 
4D CT techniques is still an issue of ongoing research (cf. 
[2-5]). In this paper, we address the question of appropriate 
metrics for quantitatively gating in 4D CT acquisition (i.e., 
sorting CT scans for reconstruction of the 4D data set); 
these are needed because time cannot be directly correlated 
to respiratory motion [6]. 

Our study focuses on an established ciné-CT based 4D 
CT protocol introduced by Low et al. [7]. Initially, a spiro-
meter has been used to measure the patient’s breathing 

cycle for 4D CT quantitation [6-8]. Spirometer measured 
tidal volume has been shown to be an excellent quantitative 
metric [8], but spirometry presents challenges like a signifi-
cant baseline level drift [6,8]. Moreover, air leakage around 
the mouthpiece or failing to adjust a supplied nose clip can 
cause the spirometry signal to be inaccurate. Thus, spirome-
try may not be appropriate as the sole metric in 4D CT 
[8,9]. For this study the patients’ breathing curves are 

measured simultaneously using spirometry and an abdomin-
al pressure bellows system (see Sec. II A for a brief descrip-
tion of the data acquisition process). The bellows system 
provides some advantages over the spirometry (e.g., the 
pressure signal can be considered as drift-free), but it does 
not provide a physiologically quantifiable signal. To over-
come these non-physiologic circumstances Lu et al. [9] 
proposed to utilize the spirometer signal to convert the pres-
sure signal into a bellows-based tidal volume (normalized 
bellows signal). Based on a total of 41 patient data sets we 
now aim to validate the normalized bellows signal. The 
study consists of two parts: First, assumptions underlying 
the normalization process are analyzed (see Sec. II B for 
technical details and Sec. III for results); second, the quality 
of the 4D CT quantitation process is validated by compari-
son of the bellows-based tidal volume and the internal air 
content (instantaneous amount of air present in the lung; 
extracted from the CT images) which serves as a surrogate 
for internal tissue motion [8]; see Sec. II C and Sec. III. If 
results are promising, i.e., the normalized bellows signal 
provides a stable correlation with the internal air content, 
we eventually would attempt to utilize the abdominal bel-
lows system for quantitative 4D CT - without additional 
spirometer measurements. The feasibility of such a kind of 
virtual spirometry is discussed in Sec. IV. 
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II. MATERIAL AND METHODS 

A. Data acquisition 

The 41 data sets (25 of lung tumor patients, 16 patients 
with abdominal tumors) are acquired with a Philips Bril-
liance 16-slice CT operated in ciné mode (scanned thick-
ness: 24 mm per couch position / 1.5 mm per slice; in-plane 
resolution 0.9766 x 0.9766 mm²). Each scan (360° gantry 
rotation) took 0.42 s plus subsequent 0.30 s dead time. 25 
scans are obtained for each couch position (= 18 s scanning 
time each couch position); between 17 and 30 couch posi-
tions (CP) are investigated to ensure adequate coverage of 
the whole thorax and the abdomen (in case of patients with 
abdominal tumors). Neighboring CPs are acquired conti-
guously in space, but there is a pause of approx. 4 s between 
adjacent CP. Simultaneously, the spirometry (in ml) and the 
signal of the abdominal pressure bellows (a bellows that 
expands and contracts during inhalation and exhalation, 
respectively; the change in internal air pressure in the bel-
lows is monitored using a differential pressure sensor; sig-
nal in V) are acquired, where synchronization with the 
scanning process is provided by a TTL signal (“X-Ray On”) 

from the CT scanner indicating the beginning of each scan. 
 

B. Comparison of spirometer-measured tidal volume and 
the bellows signal: Generation of the bellows-based tidal 
volume (=normalized bellows signal) 

Based on both the spirometer and the bellows signals a 
bellows-based tidal volume record (= the normalized bel-
lows signal) is generated as follows: First, possible drift of 
the spirometer-measured tidal volume together with a time 
offset between the spirometry and the bellows signal are 
corrected. This is done by maximizing a cross-correlation 
function between both metrics within time windows of 18 s 
(i.e., independently for each couch position) [9]; for these 
time windows we consider the spirometry drift to be linear. 
Then, assuming that the bellows signal b is proportional to 
the drift corrected spirometer-measured tidal volume vorig, 
the bellows signal is converted into the bellows-based tidal 
volume vb by multiplying the average ratio between the 
corrected spirometry record and the bellows signal during 
the entire scan session. Thus, the assumption that the varia-
tion in dvorig/db is small is a central point in the conversion 
process and is examined in this paper. Further, the time 
offset, correlation, and mean fitting residuals are reported.    

 
C. Air content analysis: Relationship between the bellows-
based tidal volume and the internal air content 

The idea of using the internal air content for validation of 
the 4D CT quality and the quality of the quantitative metric, 

respectively, is based on Lu et al. [8]. The internal air con-
tent V measures the air volume within a CT volume (here: 
within each 16-slice scan). It is determined by the Houns-
field Units in segmented air-containing thoracic tissues and 
has been shown to correlate excellently with tissue motion 
[8]. Thus, it represents an appropriate surrogate for internal 
motion. Moreover, as the sum of the slopes of the air con-
tent vs. tidal volume (dV/dvorig)CP for all couchpositions 
equals approx. the ratio of the change in air volume inside 
the lungs to the airflow through the spirometer, it can be 
theoretically shown to be 1.11; the derivation is based on 
ideal gas law: 

 

with temperatures Tlungs = 37°C and Tspiro = Troom = 22°C in 
lungs and spirometer, pressures Pspiro = Plungs = 750 mm Hg, 
and water vapor pressures Pspiro,water = 10.5 mm Hg and 
Plungs,water =47 mm Hg; cf. Hlastala and Berger [10] for de-
tails. Thus, to validate the accuracy of the 4D CT process 
and the normalized bellows signal, respectively, we com-
pare the sum of slopes (dV/dvorig)CP  to the expected value. 

III. RESULTS 

The time offset t between the spirometer-measured tidal 
volume vorig and the bellows signal b, the mean dvorig/db 
values, corresponding fitting residuals and correlation val-
ues are listed in Table 1 for the patient data sets considered. 
For all data sets the bellows signal is ahead of the spirome-
ter-measured tidal volume (mean t is 0.18 ± 0.06 s); this 
reflects the situation that the airflow is driven by the breath-
ing muscles (especially the diaphragm) and, consequently, 
abdominal motion happens before the airflow through the 
mouth. With regard to the dvorig/db values it becomes ob-
vious that the assumption of only small variations in      
dvorig/db is not applicable generally: 14/41 data sets show 
standard deviations of more than 10% of the patient specific 
mean dvorig/db values, coinciding with larger fitting resi-
duals and lower correlation coefficients (0.76 ± 0.25 for 
these data sets; 0.98 ± 0.02 for the other scans). 

Problems are mainly caused by times where the spirome-
try apparatus leaked or failed to record meaningful data (cf. 
Fig. 1 with data set #37 as an example). This not only af-
fected the vorig vs. b relationship: the erroneous dvorig/db 
values yield incorrect bellows-based tidal volume values, 
resulting in misleading dV/dvb and dV/dvb values. To over-
come the problems we introduced a 2% correlation thre-
shold: Spirometry data that exhibited correlation values 
<0.98 (for a single 18 s time sample) were removed from  
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Table 1  Comparison of the spirometer-measured tidal volume vorig and the 
bellows signal b. Values are mean values (±std) over all 18 s segments. A 
positive time offset indicates the bellows signal leading the tidal volume. 

The fitting residual is given relatively to the overall tidal volume. Data sets 
exhibiting std of >10% of the mean dvorig/db are denoted by italic lettering. 

 

Data 
set 

Time offset [s] dvorig/db 
[ml / V] 

Fitting residual 
[%] 

Correlation    
vorig to b  [%] 

# 23.1 0.15 ± 0.00 818 ± 55  0.05 ± 0.01 98.16 ± 0.94 

# 23.2 0.14 ± 0.01 758 ± 37  0.34 ± 0.09 96.57 ± 2.15 

# 31 0.15 ± 0.02 712 ± 26  0.07 ± 0.02 99.03 ± 0.46 

# 35 0.17 ± 0.03 340 ± 16  0.08 ± 0.03 99.06 ± 0.69 

# 36 0.17 ± 0.02 510 ± 24  0.10 ± 0.03 96.68 ± 1.73 

# 37 0.17 ± 0.10 592 ± 325  1.05 ± 2.89 80.79 ± 33.09 
# 38 0.18 ± 0.02 739 ± 40  0.03 ± 0.01 98.96 ± 0.61 

# 39 0.12 ± 0.02 714 ± 45  0.24 ± 0.14 98.54 ± 1.91 

# 40 0.16 ± 0.02 962 ± 59  0.14 ± 0.06 98.14 ± 1.65 

# 41 0.21 ± 0.03 603 ± 11  0.05 ± 0.01 99.77 ± 0.10 

# 42 0.25 ± 0.02 543 ± 68  0.09 ± 0.22 96.75 ± 12.70 
# 43 0.24 ± 0.04 1294 ± 155  0.09 ± 0.20 96.83 ± 11.36 
# 44 0.27 ± 0.03 273 ± 56  0.30 ± 0.16 93.43 ± 6.22 
# 45 0.18 ± 0.10 501 ± 257  0.37 ± 0.55 86.61 ± 21.23 
# 46 0.22 ± 0.07 221 ± 137  35.24 ± 32.39 59.07 ± 22.23 
# 47 0.09 ± 0.08 224 ± 147  12.10 ± 17.99 65.91 ± 33.39 
# 48 0.18 ± 0.04 495 ± 48  0.15 ± 0.06 98.95 ± 0.66 

# 49 0.16 ± 0.03 608 ± 200  0.80 ± 0.68 43.13 ± 16.05 
# 50 0.12 ± 0.02 611 ± 41  0.13 ± 0.05 89.67 ± 5.81 

# 51 0.21 ± 0.02 569 ± 21  0.04 ± 0.00 99.59 ± 0.11 

# 53 0.02 ± 0.08 15 ± 12  322.9 ± 494.5 14.43 ± 9.55 
# 54 0.19 ± 0.03 591 ± 211  18.72 ± 22.62 55.48 ± 31.54 
# 55 0.22 ± 0.02 531 ± 34  0.07 ± 0.02 99.48 ± 0.17 

# 56 0.17 ± 0.02 854 ± 57  0.01 ± 0.00 99.41 ± 0.30 

# 57 0.18 ± 0.02 576 ± 23  0.10 ± 0.04 98.57 ± 1.06 

# 58 0.13 ± 0.03 772 ± 53  0.21 ± 0.12 99.43 ± 0.64 

# 59 0.17 ± 0.02 249 ± 53  3.76 ± 1.95 79.18 ± 14.21 
# 60 0.17 ± 0.04 1080 ± 187  0.35 ± 2.13 97.18 ± 15.78 
# 61 0.20 ± 0.02 1001 ± 41  0.02 ± 0.00 99.39 ± 0.22 

# 63 0.26 ± 0.03 771 ± 65  0.03 ± 0.01 99.39 ± 0.32 

# 64 0.21 ± 0.01 582 ± 13  0.05 ± 0.01 99.52 ± 0.34 

# 65 0.21 ± 0.02 747 ± 69  0.13 ± 0.15 94.84 ± 12.04 

# 66 0.29 ± 0.02 695 ± 45  0.31 ± 0.05 99.09 ± 0.17 

# 67 0.25 ± 0.03 651 ± 42  1.31 ± 1.00 99.54 ± 0.81 

# 68 0.17 ± 0.04 613 ± 45  3.43 ± 4.09 98.73 ± 4.30 

# 69 0.12 ± 0.02 698 ± 37  0.02 ± 0.02 99.43 ± 1.34 

# 70 0.36 ± 0.04 716 ± 21  0.02 ± 0.01 99.53 ± 0.23 

# 71 0.20 ± 0.06 1258 ± 243  0.06 ± 0.21 95.48 ±17.74 
# 72 0.11 ± 0.05 785 ± 316  10.62 ± 68.13 95.73 ± 14.90 
# 73 0.04 ± 0.02 796 ± 47  0.02 ± 0.00 98.17 ± 0.94 

# 75 0.14 ± 0.02 1350 ± 34  0.10 ± 0.04 98.97 ± 0.75 

Avg: 0.18 ± 0.06 ---   --- 90.65 ± 18.07 

 

 
Fig. 1 Example patient (data set #37): Breathing curves of the patient as 

monitored by the spirometer (top) and the bellows system (middle). Spiro-
metry failed for two periods, resulting in a low correlation for the corres-
ponding time samples and erroneous dvorig/db values. A correlation thre-

shold is applied to identify these regions of abnormal spirometry response.   

further analysis. 8 data sets had to be eliminated from the 
study because of correlation values below 0.98 / obviously 
incorrect spirometry data over almost the entire scanning 
process. For the remaining scans dV/dvb was 1.137 ± 0.117 
before and 1.113 ± 0.081 after applying the threshold; thus, 
regarding the theoretical value of 1.11 (cf. Sec. II C) the 
correlation threshold helps to improve the accuracy of the 
4D CT quantitation. Moreover, as the measured dV/dvb 
nearly matches the value expected, the normalized bellows 
signal states a reasonable quantitative metric in 4D CT.   

IV. DISCUSSION AND CONCLUSIONS 

The data show the problems encountered when spirome-
try is used as quantitative metric in 4D CT: Due to problems  
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Table 2  Air content analysis results before and after applying the 2% 
correlation threshold. As shown by the dV/dvb the introduction of the 
threshold improves the quantitation of the 4D CT process significantly. 

Data with correlation values <0.98 / obviously spurious spirometry signal 
over almost the entire scanning session are denoted by italic lettering and 

are removed from further analysis (average dV/dvb values are determined 
without considering these data sets) 

 

Data    
set 

Correlation 
vb to V  [%] 

Original 
dV/dvb 

dV/dvb after 
correlation 

thresholding 

Samples      
fail / total 

# 23.1 94.91 1.163  1.180 7 / 26 

# 23.2 94.83 1.113 1.080 20 / 26 

# 31 97.70 1.111 1.112 1 / 24 

# 35 97.47 1.373 1.375 1 / 22 

# 36 89.90 1.083 1.068 15 / 24 

# 37 93.58 1.490 1.188 14 / 39 

# 38 97.26 1.060 1.065 5 / 39 

# 39 97.25 1.059 1.065 7 / 46 

# 40 96.99 1.029 1.040 13 / 40 

# 41 97.54 1.132 1.132 0 / 25 

# 42 89.96 1.045 1.120 1 / 25 

# 43 95.83 1.044 1.049 9 / 41 

# 44 15.60 0.173 N/A N/A 
# 45 88.56 1.459 1.110 22 / 32 

# 46 95.93 2.966 N/A N/A 
# 47 56.00 0.890  N/A N/A 
# 48 95.90 1.027 1.030 4 / 39 

# 49 97.92 1.660 N/A N/A 
# 50 98.32 1.221 1.190 24 / 26 

# 51 89.27 1.206 1.200 0 / 23 

# 53 96.89 46.485 N/A N/A 
# 54 94.09 1.235 N/A N/A 
# 55 97.89 1.269 1.269 0 / 39 

# 56 98.77 1.199 1.199 0 / 42 

# 57 98.34 1.114 1.110 8 / 24 

# 58 98.05 1.185 1.194 1 / 24 

# 59 93.15 4.795 N/A N/A 
# 60 96.91 1.095 1.071 2 / 42 

# 61 97.29 1.132 1.132 0 / 24 

# 63 96.79 1.077 1.077 0 / 23 

# 64 98.98 1.129 1.130 1 / 35 

# 65 91.15 1.006 1.006 6 / 25 

# 66 88.90 1.101 1.101 0 / 23 

# 67 98.98 1.112 1.125 1 / 24 

# 68 97.89 1.112 1.103 1 / 25 

# 69 92.05 0.990 0.984 2 / 43 

# 70 data set not covering the whole lung 

# 71 98.55 1.111 1.069 4 / 46 

# 72 98.40 2.416 N/A N/A 
# 73 97.71 1.089 1.100 11 / 39 

# 75 94.50 1.036 1.033 2 / 24 

Avg: 95.49±3.14  1.137±0.117 1.113±0.081 --- 

such as air leakage, etc. the quantitation of the scans might 
be erroneous. With regard to the abdominal pressure bel-
lows system and the normalized bellows signal, respective-
ly, we managed to fix this problem by introduction of a 2% 
correlation threshold; this significantly improved the accu-
racy of the 4D CT quantitation process.  

Moreover, the ratio of internal air content to the (bel-
lows-based) tidal volume matches that expected theoretical-
ly very well. Thus, the results additionally support to utilize 
non-spirometry methods (here: abdominal bellows system) 
for breathing gating in place of the spirometer – as long as 
the entire lungs are scanned to provide the internal air con-
tent data: The internal air content could be applied to re-
normalize the breathing metric to be utilized, representing a 
kind of virtual spirometry.     
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In vivo dosimetry for patient specific quality assurance in aperture based IMRT. 
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Abstract— The use of in-vivo dosimetry in IMRT has been 
rare, due to the high dose gradients found in this modality. 
IMRT at the Radiotherapy Department of the Oncology and 
Radiobiology Institute (INOR) in Havana has being 
implemented with an aperture-based inverse planning 
approach. The rationale used for developing these apertures 
avoid small or weird shaped segments, and create a smaller 
number of apertures for delivery, reducing high gradient 
regions. A Si-diode based in vivo dosimetry system has been 
calibrated in terms of entrances dose for routine in vivo 
dosimetry in conventional applications. For IMRT QA 
purposes, additional calculation points are defined at dmax,
indicating where the entrance doses will be evaluated, and 
providing coordinates for placing the diodes, which are 
accurately positioned using the coordinates of the calculation 
points, obtained from the RTPS. Additional correction factor 
of diode response accounting for off-axis position in the beam 
was evaluated. IMRT test cases were implemented on a 
phantom to evaluate feasibility of the method for patient-
specific QA. Results for evaluated points showed an average 
discrepancy of 0.6% (std. dev. 0.2%), demonstrating the 
proposed methodology can be used in the clinic for routine QA 
of IMRT delivery. 

Keywords— In vivo dosimetry, IMRT QA. 

I. INTRODUCTION  

In-vivo dosimetry has become a standard method for 
comparison of prescribed and delivered dose in 
radiotherapy, and is frequently recommended as a tool for 
improving patient care and safety. Silicon diodes are 
increasingly used for in-vivo dosimetry due to their high 
radiation sensitivity and fast response [ 1 , 2 ]. Several 
international and national organizations has published 
recommendations and protocols for calibration and 
implementation of in-vivo dosimetry [3, 4, 5], but they have 
been mainly used in conventional radiotherapy; in some 
techniques as Total Body Irradiation (TBI), in-vivo 
dosimetry is strongly recommended [ 6 ], and in some 
protocols it has become mandatory. 

Pre-treatment verification using phantoms is a useful 
method to trace errors both in the treatment planning and 
the delivery process of intensity modulated radiotherapy 
(IMRT). It does, however, not give information about the 
dose delivered to the patient and in vivo dosimetry would be 

required to verify the dose delivery during the actual patient 
treatment.  

The use of in-vivo dosimetry in IMRT has been rare, 
starting with TLD detectors [7, 8] and later, with diodes [9]. 
However, due to the high gradient dose regions frequently 
present in IMRT, the reliability of any point in-vivo 
measurements with diodes has been subject to question [10, 
11, 12, 13]. More recently, Engstrom et al. has reported the 
use of in vivo dosimetry for verification of IMRT head and 
neck treatments using intracavitary TLD measurements 
[ 14 ], while Wertz et al. published in vivo intracavitary 
measurements of rectum doses with ionization chambers 
during IMRT treatment of prostate cancer [15]. Entrance 
dose based in vivo dosimetry of IMRT treatments for 
prostate cancer has been performed with MOSFET 
detectors too [16].   

A promising tool for dosimetric verification applicable to 
IMRT is the electronic portal imaging device (EPID). A 
recent study has reported the progress and the feasibility of 
performing portal ‘‘in vivo’’ dosimetry in hypo-fractionates 
IMRT treatments of the rectum [17]. 

IMRT at the Radiotherapy Department of the Oncology 
and Radiobiology Institute (INOR) in Havana has being 
implemented with Elekta Precise® linear accelerators and 
Elekta’s PrecisePLAN® treatment planning system (TPS). 
This TPS uses an aperture-based inverse planning approach, 
which creates apertures prior to calculating dose using 
several rationales. The rationale used for developing these 
apertures is not limited to those automatically created by the 
TPS since it may include user-designed apertures. The 
intention of aperture based inverse planning is to create 
apertures that have a rational reason for being included in 
the IMRT plan, to avoid small or weird shaped apertures 
that present a challenge for the planning or verification 
systems using measured values, and to create a smaller 
number of apertures for delivery, and therefore shorter 
calculation and delivery times.  

These rationales mean that the resulting IMRT fields 
generally do not introduce those apprehend frequent high 
gradient regions present in other IMRT inverse planning 
approaches. 

The main goal of this study is to evaluate and 
demonstrate the feasibility of in-vivo dosimetry for patient 
specific quality assurance in aperture based IMRT. 
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II. MATERIALS AND METHODS 

A. In vivo dosimetry system 

A Si-diode based in vivo dosimetry system has been used 
in our department for routine quality assurance of 
conventional external beam radiotherapy. PTW p-type Si 
diode probes, model T60010M and T60010H has been 
calibrated in terms of entrance dose, using 
recommendations of ESTRO [ 3, 4] and AAPM [5]. The 
two type of probes are constructed for specific photon 
energy ranges, namely from 5 to 13 MV for diodes type M 
and from 13 to 25 MV for type H. They have been 
calibrated to be used at photon beams of 6 and 15 MV, 
respectively, so no bolus was required during 
measurements. Correction factors were determined 
accounting for effect of field size, SSD, beam modifiers, 
angle of incidence and temperature. 

Several probes of each type were calibrated, since we 
planned to measure entrance dose in two or more points 
simultaneously, in order to evaluate the contribution of the 
different segments of a selected IMRT field. 

For IMRT purposes fixed, 400 mu/min. dose rates are 
used, so sensitivity variation with this parameter was not 
considered here. 

Linearity and intrinsic precision of probes was evaluated 
in a wide range of monitor units, specially to assess their 
values for segments of low monitor units. 

B. In phantom measurements 

Routine IMRT patient-specific quality assurance is 
performed in our department using a CIRS Model 002LFC-
CV501 IMRT Phantom® (thorax region), which allows 
placing both ion chambers and films in different positions in 
the phantom. Actual patient IMRT plan is then replicated 
with the RTPS on the CIRS CT-images, and doses at points 
of interest are reported for further comparison with ion 
chamber measurements. Calculated dose distributions are 
also exported in DICOM format to PTW Verisoft®, to be 
compared with film measurements. 

For in vivo verification purposes, during the planning 
process, additional calculation points are defined at dmax,
indicating where the entrance doses will be evaluated, and 
providing their coordinates for placing probes.  

As IMRT fields are delivered to the CIRS phantom for 
pre-treatment quality assurance testing, we established 
several in vivo test cases on this phantom, to evaluate the 
feasibility of the diodes as a complement of the verification 
process.  

C. Probe positioning 

In our clinical practice the in vivo dose verification of 
conventional fields is based on measurements in the field 
axis, because this allows a better accuracy in probe 
positioning.  

In segmented, aperture based IMRT fields, the beam axis 
could lay close or out of segment borders, which can 
produce larger uncertainties in measurements. So we 
designed a procedure for positioning the diodes in points 
appropriately surrounded by one or more segments. This 
means that a segmented field should be verified by two or 
more probes.  

In order to minimize probe-positioning errors, which are 
one of the main causes of discrepancies in our in vivo
dosimetry practice, the coordinates of the calculation points 
are obtained from the RTPS, referred to the beam axis. A 
dosimetrist or a medical physicist should redundantly check 
the probe placement during the first treatment session. 

Figure 1 shows an example for definition of calculation 
points and diodes placement on a typical multi-segmented 
field.
D. Off-axis correction factor 

As most of the IMRT segments used in our protocols are 
eccentric with respect to the beam axis, we evaluated the 
dependency of the diode sensitivity with the off-axis 
position.  

 segment 1  segment 3  segment 5 
(a)

(b)
Fig. 1. Probe positioning. (a) Definition of calculation points at RTPS 

for diode placement. (b) Picture of probes placed on CIRS phantom with 
segment 1.

An additional correction factor was then defined to 
consider this effect: 
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where 
OCRic(x, dmax) is the off-center ratio measured with ion 

chamber at dmax and displaced an x offset from the beam 
axis; 

OCRdiode(x) is the off-center ratio measured with diode at 
the surface. 

The OCR measurements were implemented with square 
10x10cm2 fields, which centre was offset to 0, 5, 10 and 15 
cm 

III. RESULTS AND DISCUSSION 

As expected, the most significant correction factor was 
the one accounting for the directional response of the probes 
to lower energy photons, ranging up to 9% for M type 
diodes and 3% for H type, at 900 beam incidence. These 
values drop to only 4% for M type and 0.5% for H type at 
600 incidences, respectively. The behavior observed for this 
factor with the incidence angle was well fitted (R2>0.98) 
with a second order polynomial. This factor was one of the 
major causes of uncertainty in patient measurements, due to 
difficulties in estimation of diode orientation regarding the 
beam axis. 

Field size correction factor for the smallest fields 
typically used in aperture based IMRT (3x3 cm2) were 
obtained, ranging from 3% for M type diodes to 6% for H 
type diodes. We found a linear behavior of this factor as 
function of field size for M type diodes and logarithmic 
behavior for H type diodes. 

The SSD correction factors were less than 1% for all 
diodes, while wedge correction factors were less than 2% 
for M type diodes and 5% for H type diodes. This correction 
was not of interest for this study since wedges are not used 
in our clinical practice for IMRT plans. 

All diodes show an excellent linearity and intrinsic 
precision, even at low monitor units.

The values of the off-axis correction factors were very 
close to unity for all the evaluated range of x coordinates, 
indicating that, for asymmetric or eccentric segments, only 
the field size should be considered in correcting the diode 
readings.  

Adequate selection of diode positioning during the plan 
evaluation at the RTPS side is fundamental for obtaining the 
expected accuracy. In all the implemented test cases, the 
diodes were placed away from the segment borders, even at 
points with contribution of several segments. This ensured a 
positioning accuracy better than 1% in dose measurement, 
assessed by repeatedly positioning of diodes in test cases. 

Table 1 summarizes the results of in vivo test cases 
implemented on the CIRS phantom. The selected fields 
have between 4 to 6 segments per field, which are 
representative of the clinical practice in our department. In 
some points, the observed differences are were large, but 
always for those segments that do not contribute directly to 
the dose at the point; nevertheless, the differences of 
combined contributions reported on Table 1 are less than 
2% for all cases.  

Table 1 Results of in vivo test case measurements on CIRS phantom at 
points of interest, compared with calculated dose with RTPS at the same 

points. 

Test Case 
(segments/field)

Point
Calculated

dose
[cGy] 

Measured
(corrected) dose 

[cGy] 
Diff. [%] 

1 313.04 312.00 0.33% Prostate 1 
(4) 2 312.28 310.60 0.54% 

1 93.84 94.30 -0.48% H&N 1 
(5) 2 43.16 43.10 0.13% 

1 207.19 203.10 2.01% 

2 164.52 163.40 0.68% 
H&N 2 

(5) 
3 165.48 164.30 0.72% 

1 167.68 169.10 -0.84% H&N 3 
(6) 2 101.42 103.10 -1.63% 

IV. CONCLUSIONS  

.The results of this study have demonstrated the 
feasibility of in-vivo dosimetry for patient specific quality 
assurance in aperture based IMRT. 

The smooth variations of diode correction factors with 
their influence parameters (field size, SSD, beam incidence, 
off-axis, temperature) means that the added uncertainties on 
the measured doses, due to these factors, have not 
significant influence on the overall uncertainty. 

It was demonstrated that the adequate selection of 
calculation points during the treatment planning process, is 
essential for reducing uncertainties associated to probe 
positioning. The impact of probe positioning errors on 
measured dose is then minimized. 
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Abstract—The Delta4 biplanar diode array dosimeter was 
validated for helical tomotherapy DQA. The basic detector 
characteristics were found satisfactory in terms of short-term 
reproducibility (0.1%), linearity (<0.1%), dose rate depend-
ence (0.4%), and calibration accuracy (0.4% in the center of 
the phantom compared to the independently calibrated diode). 
The dosimeter response to rotational irradiation changed by 
no more than 0.2% when one of the detector planes was re-
placed by the homogeneous phantom material. The daily out-
put correction factor can be derived from a Delta4 measure-
ment.  The γ(3%,3mm) passing rate (absolute dose) was above 
90% for all nine evaluated plans, and above 96% for all but 
one. For best results, the phantom needs to be aligned care-
fully, preferably by MVCT imaging.  

Keywords—Helical tomotherapy, delivery QA, diode array 
dosimeter. 

I. INTRODUCTION  

Ion chamber and film were traditionally used for do-
simetric QA of the patient plans in helical tomotherapy 
(called Delivery QA or DQA). As with other IMRT tech-
niques, there is substantial interest in using electronic array 
dosimeters because they provide almost instantaneous read-
out in terms of absolute dose distribution. Although an in-
genious phantom design was implemented to improve the 
rotational response uniformity of one such dosimeter [1], 
the more fundamental problem remains with using single-
plane array to verify composite rotational dose distributions. 
The two-dimensional dose-distribution information avail-
able when the beam direction is perpendicular to the detec-
tor plane is gradually reduced to one-dimensional as the 
incidence angle approaches 90°. A recently introduced bi-
planar diode array dosimeter (Delta4, ScandiDos AB, Upp-
sala, Sweden) preserves the dose distribution information 
regardless of the beam incidence angle. We have validated 
this device for use with step-and-shoot IMRT [2]. However 
the mode of operation of the dosimeter in a helical tomo-
therapy beam is rather different from the conventional li-
nacs. Therefore, the fundamental characteristics of the de-
tector were studied in this paper, as well as its application to 
the tomotherapy DQA. 

II. METHODS 

A. Device Description 

The Delta4 dosimeter consists of 1069 p-type silicone 
diodes arranged on two orthogonal boards in a 22 cm di-
ameter cylindrical PMMA phantom. The diodes are spaced 
at 0.5 cm in the central 6x6 cm2 region and at 1 cm else-
where in the 20x20 cm2 measurement area. The triggering 
mechanism with tomotherapy is different from the conven-
tional linacs [2]. No pulse synchronization signal is avail-
able from the Tomotherapy unit, and the measurement cycle 
is triggered by the radiation pulse itself. The pulse search 
routine relies on the pulse repetition frequency (PRF) being 
300±10 Hz. Since no information about the beam direction 
is made available to Delta4, an average rotational response 
correction is applied to the measured dose. For the same 
reason, no volumetric dose interpolation [2] is possible, and 
the dose distribution is only analyzed in the two orthogonal 
measurement planes. The reference dose is transferred from 
the treatment planning system (TPS) by DICOM RT. Delta4 
has a set of typical dose comparison tools, which includes 
the γ analysis  The latter is based on absolute dose compari-
son and is implemented with a global dose-difference 
threshold only.  

B. Short-Term Reproducibility 

The detector board was irradiated for 60 sec three times 
with a static field on a Hi-Art helical tomotherapy unit 
(TomoTherapy Inc., Madison WI, USA) in a flat PMMA 
calibration phantom. The ion chamber positioned on top of 
the calibration phantom under full buildup conditions pro-
vided the simultaneous reference readings. For each of the 
central 81 diode detectors, the dose deviation for each run 
from the average of the three was calculated. The dose-
difference average and standard deviation for the detector 
population are reported. 

C. Linearity 

The net irradiation time was varied from 1.88 to 60 sec, 
resulting in the dose to the measurement point at 85 cm 
SAD and 6.9 cm water-equivalent depth of approximately 
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0.2 - 7.3 Gy. The Delta4 readings were plotted against the 
reference ion chamber readings. 

D. Dose-Per-Pulse Dependence 

Source-to-detector distance (SDD) was varied from 
102.7 to 68.8 cm, resulting in the approximate dose per 
pulse from 0.30 to 0.66 mGy. The detector board in the 
calibration phantom was exposed for 30 sec and the average 
reading for the central 9 diodes was used. The detector 
board holder was then replaced with the PMMA slab drilled 
for a Farmer chamber, whose center was at exactly the same 
measurement point. The chamber readings corrected for 
recombination at each SDD were used as the reference for 
the diode measurements.  

E. PRF Dependence 

The PRF was varied from 300 to 285 Hz with the tomo-
therapy unit controlled by a service computer. The ratios of 
the Delta4 to ion chamber readings were recorded. Also the 
PRF values measured by the Delta4 were compared to the 
programmed ones.  

F. Delta4 Calibration 

Absolute calibration is unique for each beam. Each de-
tector board was irradiated for 60 sec with a static 5x40 cm2 
tomotherapy beam. The boards were positioned in the 
PMMA calibration phantom at a physical measurement 
depth of 4.3 cm (water-equivalent depth 4.9 cm). The refer-
ence dose was determined with a calibrated ion chamber 
positioned at the same SDD and water-equivalent depth in 
the Solid Water phantom. 

Absolute calibration was verified by two methods. First, 
immediately after the calibration exposure the phantom was 
irradiated again and the dose recorded in the measurement 
mode was compared to the reference dose, after factoring 
out the rotational correction factor of 1.01. Second, an 
ISORAD-p diode (Model 116200, Sun Nuclear, Melbourne 
FL, USA) was calibrated in the rotational beam against the 
ion chamber in the Plastic Water phantom. An additional 
correction factor to account for the excess of lower-energy 
scattered photons in acrylic was determined by comparing 
diode readings in Plastic Water and PMMA at the same 
water-equivalent depth and SDD. Then the main detector 
board was removed from the cylindrical Delta4 phantom 
and replaced by the two PMMA slabs. The ISORAD diode 
was positioned in the middle of the phantom and this as-
sembly was exposed to a helical beam producing a uniform 
dose distribution in an 8 cm diameter cylindrical target. The 
dose measured by the ISORAD diode was compared to the 

average dose recorded by the six immediately adjacent 
Delta4 detectors. 

Relative calibration (equalization) of the detector boards 
is performed once in a wide field and is used for all beams. 
It was evaluated previously [2]. In this work, it was further 
validated for tomotherapy by two methods, both involving 
exposure to a uniform cylindrical radiation field. First, ei-
ther the main or wing board(s) were removed from the 
phantom and replaced by the PMMA slabs. A piece of 
ready-pack EDR2 film (Eastman Kodak, Rochester NY, 
USA) was placed next to the remaining detector and irradi-
ated. The relative dose distribution from film was compared 
to the Delta4 dose exported to the RIT software (RIT113 v. 
5.1 Radiological Imaging Technology, Colorado Springs 
CO, USA) in the form of a 16-bit TIFF image file. Second, 
the Delta4 was exposed to the same radiation field twice, 
with the detector rotated by 180° between the exposures. 
The readings were compared for the diodes in the central 
6x6 cm2 area. 

G. Rotational Dependence 

The Delta4 was exposed to a uniform cylindrical radia-
tion field first with both detector boards in place, and then 
with the wings replaced by the PMMA slabs. The resulting 
dose distributions on the main detector board were com-
pared directly in the Delta4 software by using one of the 
measured dose distributions as a reference for the other. 

H. Tomotherapy Calibration 

There is more than one way to define absolute calibration 
of the tomotherapy unit [3]. The TPS dose rate is stated at 
85 cm SAD and depth of 1.5 cm for a 5x40 cm2 field. We 
chose to compare it to the static beam dose rate under these 
conditions, multiplied by the rotational-to-static correction 
factor. This factor is determined by placing an ion chamber 
with a buildup cap at the end of the couch, so that the beam 
is not obstructed by the couch, and taking a ratio of rota-
tional and static readings. We used the A1Sl Exradin  
chamber (Standard Imaging, Madison WI, USA) with a 
graphite build-up cap (2.1 g/cm2). During the course of 
measurements, the ratio varied from 1.001 to1.006. The 
overall ratio of the measured to nominal dose rate varied 
day to day from 0.987 to 1.020. 

I. Correction for the Daily Output Variation 

Delta4 has a feature where it can be exposed to a radia-
tion field that is uniform in the central 6x6 cm2 region. The 
mean deviation of the measured dose from the reference for 
the diodes in that area is used to suggest the daily output 
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variation correction factor, thus bypassing the need for the 
ion chamber measurement. This feature was tested for the 
three helical fields using different treatment slice widths (5, 
2.5, and 1 cm) and delivering a uniform 2 Gy dose to a 
cylindrical target 8 cm in diameter. The correction factors 
suggested by the Delta4 were compared to the rotational 
output measurement and to the DQA ion chamber meas-
urements in the cylindrical Solid Water phantom. 

J. DQA Analysis 

The synthetic image of the Delta4 phantom was used for 
DQA calculations. It was assigned the relative density of 
1.14, corresponding to the PMMA relative electron density. 
Even though the Tomotherapy TPS uses physical densities, 
scaling by electron density is more appropriate. The nine 
cases selected for the DQA analysis are summarized in 
Table 2. The first case is the RPC H&N IMRT credentialing 
phantom and the rest are randomly selected clinical cases 
for a variety of disease sites. All cases were analyzed in 
terms of the γ(3%,3mm) passing rates for absolute dose by 
the Delta4 software. The Delta4 was positioned in an op-
tional jig, such that the detector boards were in the sagittal 
and coronal orientations. This allows additional analysis in 
the native Tomotherapy DQA software, which can only 
handle cardinal planes. The γ(3%/3mm) maps and overlaid 
profiles were generated for some cases with film using this 
feature. The relative dose measured with film was also 
compared in RIT software with the Delta4 dose in terms of 
γ(3%,3mm) and dose profiles. 

It was also verified that the γ analysis results did not 
change when the dosimeter was returned to its default con-
figuration, with the detector boards at oblique angles of 50° 
and 40° from the vertical. 

III. RESULTS AND DISCUSSION 

A. Short-Term Reproducibility 

For each of the three experiments, the average of 81 di-
ode readings did not deviate from the mean of the three runs 
by more than 0.1%. The standard deviation for the diode 
population for each individual run was 0.3 - 0.6%. 

B. Linearity 

The plot of the Delta4 reading vs. the ion chamber pro-
duces a straight line with R2=1.0 and negligible intercept. 
This confirms that in the investigated range of doses and 
total numbers of radiation pulses, the triggering mechanism 
works well enough, so that no missing pulses could be  

experimentally detected. A plot of the chamber reading vs. 
net irradiation time also produced a straight line, confirming 
the dose rate stability with time. 

C. Dose-per-Pulse Dependence 

The ratio of the Delta4 to ion chamber readings varied by 
no more than 0.4% in the studied dose range. 

D. PRF Dependence 

The unit performed as designed, triggering reliably in the 
PRF range from 300 to 290 Hz. The ratio of the Delat4 to 
ion chamber reading varied by no more than 0.8%. The 
internal Delta4 PRF measuring tool reported 300±0.2 and 
290±0.1 Hz corresponding to the programmed values of 300 
and 290 Hz. The readings become erratic at 289 Hz.  

E. Rotational Dependence 

The average difference in dose with and without the 
wings on the phantom long axis was -0.2%. The dose with 
the PMMA slabs is lower because the detector board is less 
dense on average than PMMA. This also confirms our pre-
vious estimate [2] that for rotational delivery the overall 
dose error introduced by the inhomogeneous detector 
boards should not exceed 0.5%. 

F. Delta4 Calibration 

The dosimetry board dose reading immediately following 
the absolute calibration was within 0.4% of the reference 
dose. The PMMA to water correction factor for the 
ISORAD diode was 0.984 in the 5x40 cm2 field. The ratio 
of the Delat4 dose to the corrected ISORAD diode reading 
in the middle of the cylindrical phantom was 1.004. For 
relative calibration validation, the dose differences between 
the normal and reversed phantom orientations were -0.3±0.6 
and -0.4±0.7% for the main board and wings, respectively. 
The dose comparison between the Delta4 and film, with a 
typical example presented in Fig. 1, was satisfactory. 

 
Fig. 1 Relative dose comparison between Delta4 and film. Pass/fail 
γ(3%,3mm) (left) and longitudinal profile (right) for the main board 
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G. Correction for the Daily Output Variation 

With the relative rotational output measured at 1.02, the 
ratios of measured to predicted dose for the uniform cylin-
drical dose distributions are presented in Table 1. 

Table 1 Ratios of measured to predicted dose for uniform dose fields 

Tx slice width Pitch IC  to TPS 
Ratio 

Delta4 to TPS 
Ratio 

5.0 0.300 1.013 1.003 
2.5 0.287 1.028 1.016 
1.0 0.287 1.038 1.018 

For the treatment slice width of 2.5 cm, which we use 
almost exclusively, there is only 0.4% difference between 
the corrections based on the rotational ion chamber output 
or the Delta4, and the latter can be used routinely. 

H. DQA Analysis 

The results presented in Table 2 indicate very good 
agreement between the measured and planned dose distribu-
tions. Additional validation of the results is provided by 
comparison with film (Fig. 1 and Fig. 2). The phantom 
needs to be aligned carefully, preferably by MVCT imag-
ing. An intentional 2 mm vertical misalignment in Case 2, 
for example, resulted in a 5% decrease in the gamma pass-
ing rate.  

IV. CONCLUSIONS 

The basic dosimeter characteristics were found satisfac-
tory in terms of short-term reproducibility, linearity, dose 
rate dependence, rotational response and calibration accu-
racy. A daily output variation correction can be derived 
from the Delta4 measurement in a standard helical beam 
producing a uniform cylindrical dose distribution. All clini-
cal plans passed the γ(3%,3mm) test above 90%, and all but 
one passed above 96%. Phantom alignment by MVCT im-
aging is recommended. Placing the phantom into a jig to put 
the detector boards in the coronal and sagittal orientations 
allows analyzing the dose distributions in the Tomotherapy 
software instead of the Delta4. However this does not im-
prove functionality, while the increased height of the phan-
tom limits the range of vertical adjustments.  
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Fig. 2 Dose comparison for Case 7. a) Delta4 vs. reference (absolute). b) 
Film vs. reference (relative). c) Delta4 vs. film (relative). Gamma maps are 
above and longitudinal profiles below 

Table 2 Delta4 DQA results – measured vs. TPS 

No Case type Tx slice 
width, cm 

Pitch γ(3%,3mm) 
pass rate, % 

1 H&N, RPC phantom 2.5 0.3 96.5 
2 Lung/Mediastinum 2.5 0.3 99.0 
3 Esophagus 2.5 0.27 99.8 
4 H&N (Tonsil) 2.5 0.287 96.6 
5 H&N (Base of skull) 2.5 0.287 96.2 
6 Bladder 2.5 0.287 96.6 
7 Prostate 2.5 0.28 99.0 
8 H&N (neck) 2.5 0.28 98.8 
9 H&N (BOT) 2.5 0.28 90.7 
10 Uniform cylinder 5.0 0.3 100 
11 Uniform cylinder 2.5 0.287 97.9 
12 Uniform cylinder 1.0 0.287 99.2 
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Comparison between Clinically Used Irregular Fields Shaped by Cerrobend Blocks 
and by Multileaf Collimator Using a Clarkson Sector Integration Computer 

Program 
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Abstract—This manuscript discusses the comparison of 19 
clinically used irregular fields shaped by customized Cerro-
bend® blocks and by a Varian Millennium 80-leaf multileaf 
collimator using a Clarkson Sector Integration computer pro-
gram developed using National Instruments LabVIEWTM 7.0. 
The comparison was made based on: (1) the calculated equiva-
lent square fields, (2) the in-phantom output measurements of 
the fields shaped by customized Cerrobend® blocks and by a 
Varian Millennium 80 MLC, and (3) the in-phantom output 
measurements of block-shaped and MLC-shaped irregular 
fields and the outputs of the equivalent square fields at depths: 
dmax, d5, and the clinically prescribed depths (dc). The calcu-
lated equivalent square fields’ side lengths, and in-phantom 
output measurements of block-shaped and MLC fields are 
comparable to each other. The displacement errors in block-
shaped fields are relatively greater compared to MLC fields.  
Consistent with related studies, both field shaping methods 
have distinct geometric inaccuracies and limitations.   

Keywords—Field shaping, Clarkson Sector Integration-
method, multileaf collimator, customized blocks. 

I. INTRODUCTION  

The aim of radiation therapy is to deliver a uniform dose 
as possible to an accurately localized target with a view to 
killing the tumor cells but avoiding as much normal tissue 
as possible in order to minimize physical, physiological and 
psychological consequences for the patient. This may sound 
simple but the selective bombardment of tumor cells is quite 
a challenge for practitioners in this field since cancer cells 
tend to grow and spread on-site or adjacent to normal tis-
sues and critical structures.  As a consequence, the irradia-
tion of normal tissues and organs situated near the tumor 
volume poses a major concern in radiation therapy.  It is 
imperative that the treatment field be defined with adequate 
margins conforming to the shape of the tumor volume 
(which should include the primary tumor and the nodes or 
metastatic disease if present) [1, 2].  As much as possible, 
the surrounding tissues that are not included in the target 
volume should be protected from unnecessary irradiation, 
thus, these structures are shielded so that radiation is deliv-
ered mainly to the tumor or the diseased area.  The use of 

shielding not only prevents unnecessary irradiation of nor-
mal structures but also allows for increased doses to the 
tumor. Nowadays, shielding of normal critical structures 
can be achieved with the use of: (1) customized metal-alloy 
(Cerrobend®) blocks or (2) a multileaf collimator, which 
are strategically placed along the radiation beam.    

For a given radiation energy, the data readily available 
for dose calculation in radiation therapy facilities consists of 
dose data of square fields. For irregularly shaped treatment 
fields, on the other hand, one method used in dose calcula-
tion is the Clarkson Sector Integration method which allows 
for the derivation of equivalent square field of irregularly 
shaped treatment fields.  This method is based on the as-
sumption that there is a match between the dose functions 
for irregular fields and their equivalent square fields. The 
dose data used for determining the equivalent square field 
consists of Scatter Maximum Ratio (SMR) values for square 
fields.  The SMR data takes into account the primary and 
scatter component of radiation doses for the various square 
field sizes.  

In Clarkson Sector Integration method, it is assumed that 
the primary component of the radiation beam is uniform 
across the beam so that the scatter contribution will depend 
only on the distance between the dose at the point of con-
sideration and the field edge, and not on the relative inten-
sity of the radiation beam. Clarkson Sector Integration 
method resolves the treatment field of any shape into sec-
tors of circular beams originating at the point of interest P 
in a medium or a patient. As presented in Figure 1, sectors 
are drawn within the treatment field from a point of interest 
P to the field edge. The scatter at a point within the treat-
ment field can be calculated by integrating the scatter reach-
ing the calculation point from each of the sectors [1,2,3].  It 
is assumed that each sector of the field which has a given 
field radius contributes to the 1/N of the total field. For 
instance, if 36 sectors with an angular width of 10° are 
made from a point of interest P, each sector contributes 1/36 
of the total field value. Ordinarily, sectors with an angular 
width of 10º are usually used for manual calculations; for 
computer driven calculations the angular width is 5º or even 
smaller, in order to improve accuracy [2].  
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Numerous studies have dealt with the different ways of 
implementing the Clarkson Sector Integration method and 
showed that it is a useful and reliable method [4,5,6].  How-
ever, this paper implements the Clarkson Sector Integration 
method using National Instruments LabVIEWTM 7.0 soft-
ware. Thus, this study deals with the comparison of irregu-
lar fields shaped by both metal-alloy (Cerrobend®) blocks 
and by a multileaf collimator using the Clarkson Sector 
Integration method.  

II. MATERIALS AND METHODS 

A. Field Shaping Process 

For block-shaped fields, the outline of the clinically used 
irregular fields drawn on the simulation radiographs were 
traced by hand and in the process, simultaneously cutting 
the Styrofoam mold for the Cerrobend® blocks were cut out 
using the Huestis Styroformer, which was previously con-
figured to the design of the linac used in this study.   The 
MLC-shaped fields were created with the use of MLC 
ShaperTM software from Varian Medical Systems for an 80 
Multileaf Collimator system.  In creating the MLC treat-
ment fields, the irregular fields drawn on the simulation 
radiographs were traced by hand using a digitizer that is 
connected to a computer with the MLC ShaperTM software.  

The output of the shaping software is the MLC file which is 
a computer file that is readable by the MLC workstation that 
creates the MLC-shaped fields. 

B. Clarkson Sector Integration Computer Program 

The computer program that automates Clarkson Sector 
Integration method was developed using LabVIEWTM 7.0 
and runs on Windows Operating system software. This 
program was designed specifically to deal with images of 
treatment fields and allows the user to determine the equiva-
lent square fields of treatment fields that are shaped by 
either a multileaf collimator or by customized blocks. For 
this study, Varian Millennium 80-Leaf Multileaf Collimator 
(MLC) with a leaf width of 1.0 cm was used for the MLC-
shaped fields. The Scatter Maximum Ratio (SMR) values  
of square fields for 6 MV x-ray photons produced from a 
Varian CLINAC 600C linear accelerator were used in  
this study.  

The process of calculating the equivalent square field us-
ing the computer program is summarized in Fig. 2. The 
calculation of the equivalent square field starts with the 
creation of images of treatment fields and image input to the 
program.  The images of the treatment field were created 
using Varian MLC Shaper software and are saved as bitmap 
image file format. Then image calibration is performed by 
using the leaf width and length of a Varian Millennium 80 
leaf MLC as reference in determining the conversion factor 
from pixel to millimeters. Image thresholding is then ap-
plied to isolate the treatment field shape from the back-
ground. The image is converted into an 8-bit image wherein 
the background is assigned a gray level of 0 (black) and the 

Fig. 1 Clarkson Sector Integration method on a treatment field (shaded 
area) shaped by a (a) multileaf collimator and by a (b) customized block 
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field shape is assigned the gray level of 255 (white). The 
program allows the user to define a point of calculation and 
the sector angle (θ) or the angular width.  A sector angle of 
1° was used in this study. Four sub-images (the 4 red lines 
corresponding to positive x and y axes and negative x and y 
axes) are extracted from the image. These sub images are 
used to determine the radii for 4 sectors. The 4 sub images 
originate from the specified point of calculation. Using the 
sector angle specified, the image is then rotated by using the 
point of calculation as the point of rotation. The radii of the 
4 sectors are then measured each iteration by counting the 
number of white pixels in the sub-image.  The lengths of the 
radii in pixels are then converted into units of millimeter. 
Then the equivalent square side length is determined for 
each radius. Finally, the average SMR value of all the sec-
tors is then calculated and is used to determine the equiva-
lent square field of the treatment field which is the final 
output of the program.  

C. In-phantom Output Measurements 

A Varian CLINAC 600C linear accelerator  was used as 
the irradiator. The in-phantom output measurements were 
measured using a PTW 30004 Farmer type ionization 
chamber and a Kiethley Model 614 electrometer. The ioni-
zation chamber is mounted on the depth dose apparatus in a 
30.5 cm x 38 cm x 38 cm water phantom and positioned 
along the central axis of the beam. The Source-to-Chamber 
Distance (SCD) was maintained at 100 cm for all measure-
ments. A Lucite tray was used for both MLC and block-
shaped fields to eliminate the variation of the scatter  
contributed by the block tray.  For a specific irregular field, 
the position of the secondary collimator jaws is made con-
stant. For most of the irregular fields tested, the point of 
calculation was set at the central axis point of the treatment 

field.  Two exceptions to this set-up are the pelvic fields 
with midline blocks that cover or partially cover the central 
axis point of the treatment field.  For these two cases, the 
point of calculation was selected at a point off-axis such that 
the point of measurement chosen satisfies the condition that 
it does not lie near the beam edges in the penumbra region 
where the dose decreases rapidly with lateral distance from 
the beam central axis. 
 To compare the customized block-shaped fields to 
the MLC-shaped fields, the measured outputs of Cerrobend 
block shaped fields were compared to the readings obtained 
from MLC shaped fields at depths of dmax, d5, and dc.  An-
other set of ten in-phantom output measurements were also 
obtained for equivalent square fields that correspond to each 
irregular fields  (shaped by multileaf collimator and by 
customized Cerrobend® blocks) at the clinical depth (dc). 

Table 1 Distribution of clinically used irregular fields 

Field Shape Category Number of Samples 
Lateral Head and Neck Field 4 

Lateral head and neck area field without 
spinal cord irradiation 4 

Lung field 2 
Gastric area field 1 

Pelvic area field with four corner blocks 4 
Pelvic area field with four corner blocks 

and a midline block 2 

Mantle Field 1 
Inverted Y Field 1 

TOTAL 19 

III. RESULTS 

A total of 19 clinically used irregular fields were used in 
this study and the distribution of the different fields are 
presented in Table 1. The Clarkson Sector Integration com-
puter program determined that the equivalent squares of 
customized block-shaped fields are comparable to the 
MLC-shaped fields. Results show that the calculated 
equivalent square fields’ side lengths are similar for 89.4% 
of block-shaped and MLC fields with a difference of ≤2.0 
mm. For all field shapes, the percent difference of in-
phantom outputs of block-shaped and MLC fields at clini-
cally prescribed depths is less than 2.0%.  Comparison of 
in-phantom outputs of block-shaped irregular fields and the 
equivalent square fields at dc show that 26% of the field 
shapes have percent difference ≤1.0%. On the other hand, 
the comparison of in-phantom outputs at dc between the 
equivalent square fields to MLC irregular fields resulted to 
42% of the field shapes with percent difference ≤1.0%. 

Results of this study agree with findings from related 
studies that MLC-shaped fields are relatively insensitive to 

Fig. 3 User-interface of the Clarkson Sector Integration program 
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fabrication errors [7, 8, 9, 10].  Prior to the data gathering, 
it was presumed that the field outline of customized block-
shaped and MLC-shaped fields is accurately transferred to 
the treatment machine.  However, it was observed that 
customized block field shaping is susceptible to fabrica-
tion errors.  Although quality assurance procedures can 
control the precision of block tray alignment, it was ob-
served that the tendency of the hot wire to be misaligned 
when cutting through the Styrofoam is a significant con-
tributor to the block fabrication error. Fabrication of cus-
tomized blocks requires skill in handling the tracing rod so 
that the sharpness of the field shape outline is not com-
promised by the movement of the hot wire. On the other 
hand, the relatively small error in MLC-shaped fields may 
be attributed to the fact that the positions of the leaf are 
transferred electronically as an MLC computer file (from 
the Varian MLC Shaper software to the Varian MLC 
Workstation).   

Although block-shaped fields are more prone to fabrica-
tion and displacement errors, MLC-shaped fields also have 
limitations.   As the field shape becomes more irregular, the 
conformity of the MLC leaves to the field outline decreases.  
The possible sources of errors in MLC-shaped fields are due 
to its finite leaf width and due to the manual digitization of 
the irregular field that results to failure of MLC-shaped field 
outline to conform to the planned treatment field outline.  

IV. CONCLUSIONS  

Based on the calculation of the equivalent square fields 
and the in-phantom point measurements, the customized 
Cerrobend®block-shaped fields and MLC-shaped fields are 
comparable to each other despite the more prominent im-
precision of customized block field shaping.  The conven-
ience and ease of use in creating MLC fields (with the aid of 
MLC shaping software) is an obvious advantage over cus-
tomized block fields.  With customized block field shaping 
requiring the manual skills and adequate preparation time 
(that includes waiting time for the Cerrobend® block to 
solidify), MLC field shaping requires a familiarization in 
understanding and use of the MLC shaping software.   

Consistent with the related studies presented, customized 
block-shaped and MLC-shaped fields have distinct geomet-
ric inaccuracies and limitations and both methods of field 
shaping require that quality assurance procedures be im-
plemented to maintain acceptable accuracy. In addition, this 
paper is in agreement with previous works that the Clarkson  
 

Sector Integration method is suitable when irregular fields 
are concerned. 
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Evaluation of 3-D Treatment Plans Using Physical and Motorised Enhanced 
Dynamic Wedges 

S. Sathiyan and M. Ravikumar 

Department of Radiation Physics, Kidwai Memorial Institute of Oncology 
Bangalore, India – 560 029 

Purpose: The treatment plans generated using physical 
and enhanced dynamic wedges for head and neck patients 
were analyzed in this study. 

Materials and Methods: The physical wedge filters on 
the Varian Clinac DHX accelerator have nominal wedge 
angles of 15º, 30º, 45º and 60º.  These filters are made up of 
an alloy with steel and lead.  In EDW technique no external 
beam modifier is used to create wedge dose profiles, instead 
wedged isodose profiles is created by the sweeping action 
of the jaw from open to closed position while the beam is 
on. The dose rate and jaw speed are also varied during the 
treatment, which is the function of selected energy, field 
size and wedge angle. The single Segmented Treatment 
Table (STT) called Golden STT is basically used for 60º 
wedge angle and  10º, 15º, 20º, 25º, 30º  and 45º  wedge 
effects are obtained by mixing open and wedge field 
intensities in a predetermined way. The conformal treatment 
plans of 20 head and neck patients were used in this study. 
For each patient, plans are generated using both physical 
and enhanced dynamic wedges.  The dose was normalized 
to 100% at isocenter. The plans were compared using Dose-
Volume histogram (DVH) tool. The DVH of the target and 
critical structures of both physical and enhanced dynamic 
wedge plans were analyzed.   

Results and Discussion: The treatment plans generated 
for all the patients using physical and enhanced dynamic 

wedges were compared. For example, the treatment plan 
generated for 2 patients are shown here. The first patient 
planned with 3 field, 1 anterior and 2 lateral 30º wedged 
field and the second patient was planned with 2 
perpendicular 45º wedged fields. The comparison of DVH 
between PW and EDW plans for target and critical 
structures for both the plans are shown in Figures.  The 
results validated that the enhanced dynamic wedge plans 
are comparable with that of the physical wedge plan and 
the DVH analysis showed that the critical organ sparing is 
slightly better with enhanced dynamic wedge plan 
compared to that of the physical wedge plan. The 
maximum dose within the target volume is higher in 
physical wedge plan compared to enhanced dynamic 
wedge plan.  The number of monitor units to deliver a 
particular dose with EDW field is less than that of PW 
field due to change in wedge factor, which could probably 
reduce the scatter dose to structures off the field. 
Enhanced dynamic wedges eliminate the beam hardening 
effect, as it is common in physical wedges. Also it is 
possible to obtain an asymmetric wedge fields with EDW. 
The dose and jaw position control accuracy statistics are 
displayed on the screen and saved to dynalog files after 
each clinical EDW treatment. These statistics confirm the 
precision of treatment delivery. 
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Integral Dose in Three-Dimensional Conformal Radiotherapy, Intensity-Modulated 
Radiotherapy, and Helical Tomotherapy 

Ruijie Yang*, Shouping Xu, and Junjie Wang 

Department of Radiation Oncology, Cancer Center, Peking University Third Hopital, Beijing 100083, China 
ruijyang@yahoo.com 

*Objectives: To evaluate the integral doses (IDs) to 
organs at risk (OARs), normal tissue (NT) and the whole 
body in three-dimensional conformal radiotherapy 
(3DCRT), intensity-modulated radiotherapy (IMRT) and 
helical tomotherapy (HT) for whole pelvic radiotherapy 
(WPRT) in postoperative endometrial cancer patients. 

Method and Materials: We selected ten patients with 
endometrial cancer undergoing postoperative WPRT. Plans 
of 3DCRT using both 6-MV (6MV-3DCRT) and 18-MV 
(18MV-3DCRT), static IMRT using a conventional linac 
with 6-MV (6MV-IMRT) and 18-MV (18MV-IMRT), and 
HT using 6-MV were developed for each patient. The IDs 
to OARs, NT and the whole body were compared.  

Results: Compared with 3DCRT, both IMRT and HT 
significantly improved dose conformity and the IDs to 
OARs (8.8% - 29.9%, p < 0.05). Compared with 6MV-
3DCRT, IMRT resulted in 13.2% and 11.0% lower IDs to 
NT and the whole body (p=0.00), whereas no significant 
 

                                                 
* Corresponding author. 

 difference was found in HT plans. Compared directly with 
IMRT, HT reduced the IDs to rectum and bladder (p<0.05), 
whereas the IDs to NT were 13.9% higher than with 6MV-
IMRT (p=0.00), the IDs to pelvic bones also slightly 
increased with HT (p<0.05). The use of 18MV reduced the 
IDs to NT 5.8% and 2.7%, to the whole body 4.8% and 
2.1% in the 3DCRT and IMRT plans (p=0.00).  

Conclusions: In postoperative WPRT of endometrial 
cancer, IMRT and HT result in better conformity and lower 
IDs to OARs compared with 3DCRT. The IDs to NT and 
the whole body were significantly lower with IMRT, 
whereas no significant difference was found with HT 
compared with 6MV-3DCRT. Compared directly with 
IMRT, HT further reduced the IDs to rectum and bladder, at 
the expense of a slightly higher ID to pelvic bones and NT. 
The use of 18 MV improved the IDs to NT and the whole 
body in both 3DCRT and IMRT. 
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Table 1 Summary of IDs to OARs, NT and body for 3D-CRT, IMRT and HT plans 

Plans 3D-CRT 6 MV 3D-CRT 18 MV IMRT 6 MV IMRT 18 MV HT 

Structures Mean* Mean*/ %Δ p Mean*/ %Δ p Mean*/ %Δ p Mean*/ %Δ P 

Bowel 25.06 24.16/-3.6 0.00 22.37/-10.7 0.00 22.20/-11.4 0.00 22.67/-9.5 0.00 

Rectum 4.29 4.21/-1.9 0.01 3.68/-14.2 0.00 3.66/-14.7 0.00 3.60/-16.1 0.00 

Bladder 16.23 15.86/-2.2 0.01 11.87/-26.8 0.01 11.78/-27.4 0.01 11.37/-29.9 0.00 

PB 41.29 40.27/-2.5 0.00 36.16/-12.4 0.00 36.10/-12.5 0.00 37.65/-8.8 0.00 

NT 259.77 244.83/-5.8 0.00 225.40/-13.2 0.00 219.31/-15.6 0.00 256.85/-1.1 0.53 

Body 314.58 299.40/-4.8 0.00 279.94/-11.0 0.00 273.99/-12.9 0.00 310.26/-1.4 0.35 

*: Gy-L. 
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Extension of Electron Monte Carlo Dose Calculation in Eclipse to Siemens Linear 
Accelerators 

M.K. Fix1, J.E. Cygler2, E. Vandervoort2, H. Karle3, J. Tertel3, D. Frei1, W. Volken1, E.J. Born1, and P. Manser1 

1 Division of Medical Radiation Physics, Inselspital – University of Berne, Switzerland 
2 Medical Physics Department, The Ottawa Hospital Cancer Centre, Ottawa, Canada 

3 Department of Radiation Oncology and Radiation Therapy, Clinical Center of the Johannes Gutenberg University of Mainz, Germany 

Abstract—Initially, the implementation of the macro Monte 
Carlo (MC) method into Eclipse (Varian Medical Systems), 
named eMC, was carried out for Varian accelerators only. In 
this work eMC algorithm has been modified to allow also 
accurate dose calculations for electron beams for Siemens 
accelerators. 

Keywords—Electron radiation therapy, Monte-Carlo dose 
calculation, treatment planning systems. 

I. INTRODUCTION  

The electron Monte Carlo (eMC) dose calculation in 
Eclipse is based on the macro MC method [1, 2]. This im-
plementation uses a beam model dedicated to Varian linear 
accelerators. Since linear accelerator head design differs 
between different manufacturers the implemented beam 
model might not be suitable for Siemens linear accelerators. 
Consequently, this leads to limitations in accuracy if eMC is 
applied to Siemens machines. In this work eMC has been 
adjusted in order to allow accurate dose calculations of 
electron beams for Siemens accelerators. 

II. METHODS AND MATERIALS 

The eMC algorithm implemented in Eclipse uses the ini-
tial phase space multiple source model (IPS) as particle 
generator and the macro MC method for the dose calcula-
tion [1, 2]. The IPS consists of 4 sub-sources: a main di-
verging source representing electrons and photons coming 
from the scattering foil; an edge source of electrons which 
accounts for electrons produced at the edges of the applica-
tor or insert; a source of transmitted photons through the 
applicator or insert and a second diverging source which 
takes into account all the photons and electrons not included 
in the aforementioned sources.  

The eMC implementation has been modified with respect 
to both the beam model and the transport code for the dose 
calculation. Analyzing in-line and cross-line in-air profiles 

for Siemens machines show that the beam might be not 
rotationally symmetric. Thus, in order to take this into ac-
count a 2D fluence is generated during the beam configura-
tion. Additionally, the scrapers of the applicator are taken 
into account. Based on the geometric information of the 
scraper position it is determined for each sampled electron 
from the main diverging source whether or not it intersects 
within the scraper. If there is an intersection the electron is 
rejected otherwise the particle is transported downstream 
for the dose calculation. In order to improve the accuracy of 
the energy spectrum for the electrons of the main diverging 
source, the resolution of the mono-energetic depth dose 
curves used during beam configuration has been increased. 

The modification of the transport code for the dose calcu-
lation has been done by reducing the size of the spheres 
used for the electron transport according to the energy of the 
electron. Overall spheres between 1 mm and 5 mm are 
available. Thresholds between 4 and 7.5 MeV have been 
introduced so that if an electron falls below such a threshold 
the maximal size of the possible spheres is reduced. 

Calculated and measured dose distributions are compared 
for 2 Siemens machines using electron energies of 6, 7, 9, 
13, 17, 20 and 21 MeV and applicators ranging from 10x10 
to 25x25 cm2.  

III. RESULTS 

Table 1 shows the measured and calculated applicator 
factors at SSD = 100 cm normalized to 10 x 10 cm2 appli-
cator for one Siemens machines used in this study.  

In figure 1 calculated absolute depth dose curves together 
with the corresponding measurements are shown. The 
agreement is within 1% or 1 mm for all energy and applica-
tor combinations investigated in this work.  

Figure 2 depicts examples for calculated and measured 
absolute dose profiles at several depths in water. Generally 
they agree to within 2%, except some values close to the 
field edge. 
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Table 1 Measured and calculated applicator factors for the different applicator sizes used in this study. (Meas = Measurement; Calc = Calculation) 

Energy 10 x 10 cm2 15 x 15 cm2 20 x 20 cm2 25 x 25 cm2 
[MeV] Meas Calc Meas Calc Meas Calc Meas Calc 
6 1 1 1.020 1.019 1.029 1.026 1.016 1.013 
9 1 1 0.988 0.988 0.970 0.969 0.954 0.955 
13 1 1 0.987 0.989 0.966 0.967 0.961 0.962 
17 1 1 0.996 0.998 0.964 0.965 0.967 0.969 
20 1 1 0.990 0.993 0.975 0.982 0.966 0.968 

IV. CONCLUSIONS 

The eMC implementation has been modified with respect 
to the beam model and the transport for the dose calcula-
tion. Due to these improvements the eMC algorithm was 
able to successfully configure electron beams from Siemens 
linear accelerators. We conclude that the results of the dose 
comparison suggest that eMC is suitable to predict dose 
distributions also for Siemens linear accelerators. 
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Fig. 1 Calculated and measured depth dose curves for 4 different energy 
and applicator combinations. Absolute dose refer to the left, dose differ-
ences to the right y-axis 

 
Fig.  2 Calculated and measured absolute dose profiles for 2 different 
energy and applicator combinations 
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Current Status of the HIBMC, Providing Particle Beam Radiation Therapy for 
More Than 2,600 Patients, and the Prospects of Laser-Driven Proton Radiotherapy 
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Abstract—The Hyogo Ion Beam Medical Center was 
established in May 2001, a leading project of the ‘Hyogo 
Cancer Strategy’. As its major characteristic, both proton and 
carbon ion beams can be generated. The accelerator is a 
synchrotron that can accelerate proton and carbon ion beams 
at a maximum of 230 and 320 MeV/u, respectively, and the 
maximum ranges in water are 300 and 200 mm, respectively. 
Three irradiation rooms installed with 45-degree, 
horizontal/vertical, and horizontal fixed ports can be used for 
carbon ion radiation therapy, and 2 gantry rooms can be 
additionally used for proton beams. Particle beam radiation 
therapy had been performed in 2,639 patients as of the end of 
March 2009. The diseases treated were prostate cancer, head 
and neck tumors, liver cancer, lung cancer, and bone soft tissue 
tumors, in decreasing order of frequency, and these 5 major 
diseases accounted for 87% of the cases. The outcomes 
surpassed those of surgical therapy, realizing cancer therapy 
without resection. As the current problems of particle beam 
radiation therapy, the effect of the differential use of proton 
and carbon ion beams is unclear, adverse events, such as skin 
disorders, may occur due to the limitation of the broad beam 
method, and the necessity to install large-scale devices is an 
obstacle to its dissemination. We are aiming at the development 
and clinical application of a laser-driven proton radiotherapy 
device in cooperation with the Japan Atomic Energy Agency.           

 

Keywords—Proton radiotherapy, Carbon ion radiotherapy, 
laser driven proton radiotherapy. 

I.   INTRODUCTION 

Proton beam radiation therapy has been performed for a total 
of more than 52,000 patients at 33 facilities in Japan and other 
countries. Eight of the facilities have completed their operation, 
and the remaining 25 are currently operating. The construction 
of 14 and at least 4 facilities is planned overseas and in Japan, 
respectively, showing that proton beam radiation therapy plays 
the main role in charged-particle radiation therapy. There are 4 
facilities for carbon beam radiation therapy in the world (the 
National Institute of Radiological Sciences (NIRS) Heavy Ion 

Medical Center, Hyogo Ion Beam Medical Center (HIBMC), 
GSI of Germany, and Lanzhou National Institute of Physics of 
China), and about 4,000 patients had undergone carbon beam 
radiation therapy as of August 2007. Seven facilities will 
introduce carbon beam radiation therapy in Japan, Germany, 
Italy, and France, including Gunma University and Saga 
Prefecture in Japan. Both proton and carbon beam radiation 
therapies will be performed at 5 of the 7 facilities. In this report, 
the current status, problems in the future, and actions 
concerning laser-driven proton radiotherapy aiming at its spread 
are outlined.  

II.   MATERIALS AND METHODS  

A.   Outline of the HIBMC Facility 

The HIBMC was planned as a leading project of the 
‘Hyogo Cancer Strategy’, and opened in May 2001, 9 years 
after the original plan. It is a prefectural hospital with a single 
Department of Radiology located in the Harima Science 
Garden City, and the facility consists of a radiation therapy 
building (12,000 m2) and a hospital building (4,500 m2) with 
50 beds in a 5.9-ha area. There is a Japanese garden on the 
premises, and the facility is designed in consideration of 
amenity for patients. The construction cost was 28 billion 
yen, comprised of: 1) instrument production cost: 13 billion 
yen, 2,) radiation therapy building: 8.3 billion yen, 3) 
hospital building: 2.2 billion yen, 4) medical devices: 2 
billion yen, 5) land cost: 1.9 billion yen, and 6) external 
costs: 0.6 billion yen. The major characteristic is that it is the 
first facility capable of applying both proton and carbon ion 
beams in the world. Preclinical studies were performed 
before clinical trials, and the safety and efficacy of the 
particle beam radiation system have been confirmed 
physically and biologically1,2. 

Clinical trials with proton and carbon ion beams were 
performed in 2001 and 2002 following the Pharmaceutical 
Affairs Law, and approval for medical devices was granted. 



Current Status of the HIBMC, Providing Particle Beam Radiation Therapy 879

 

  
 IFMBE Proceedings Vol. 25  

 

General practices of proton and carbon ion beam radiation 
therapies were initiated in April 2003 and May 2005, 
respectively, and treatments are now performed as advanced 
medical care (combination with treatments covered by 
national health insurance is approved to assess therapies 
aiming at coverage by national health insurance in the future).  

There are 43 full-time staff: 6 physicians, 12 radiologists, 
2 medical physicists, 1 accelerator physicist, 1 pharmacist, 
20 nurses, and 4 clerks. In addition, there are 4 part-time 
physicians, 17 contract staff mainly performing QA of 
devices, dose measurement, and device operation, and 7 
contract clerks in charge of medical affairs and follow-up 
after therapy.  

B.   Outline of Devices and Treatment Methods 

The acceleration system of the particle beam irradiation 
system of the HIBMC consists of 2 ion sources, RFQ and 
Alvarez linear accelerators, and a synchrotron (Fig. 1). Protons 
and carbon ions can be accelerated at a maximum of 5 MeV/u 
using the RFQ and Alvarez linear accelerators, 230 and 320 
MeV/u using the synchrotron, and the maximum ranges in 
water are 300 and 200 mm, respectively. Three irradiation 
rooms installed with 45-degree, horizontal/vertical, and 
horizontal ports can be used for carbon ion irradiation, and 2 
gantry rooms can be additionally used for proton beams. The 
gantry system rotates and irradiates the human body from 
various directions. In the 45-degree radiation room, 
non-coplanar radiation is possible. For the irradiation 
field-forming system, the static beam modulation method is 
adopted, consisting of various instruments, such as a ridge 
filter which expands the beam to the optimum SOBP, 
collimator which focuses the lateral direction of the beam to 
the shape of the target volume, range shifter which determines 
the beam depth in the body, and bolus which optimizes the 
maximum range (Fig. 2).  

 
Fig. 1 Outline of the HIBMC facility 

 
Fig. 2 Beam delivery system 

III.   RESULTS  

A.   Diseases and Number of Patients 

Particle beam radiation therapy had been performed in 
2,582 patients as of the end of February 2009. The diseases 
treated were prostate cancer, head and neck tumors, liver 
cancer, lung cancer, and bone soft tissue tumor, in decreasing 
order of frequency, and these 5 major diseases accounted for 
87% of the cases. For the eligibility assessment and details of 
treatment methods, the treatment criteria approved by the 
Committee for Formulation of Treatment Criteria comprised 
of experts in the fields are followed. There were 1100 
patients with prostate cancer, accounting for the highest rate 
(42%), followed by 426 patients (16%) with head and neck 
tumors, 405 with liver cancer (15%), 258 with lung cancer 
(10%), and 97 with bone soft tissue tumors (4%), and these 5 
major diseases accounted for 87%. The treatment criteria are 
reviewed in a timely fashion, and indications have been 
expanding. For example, solitary distant metastasis is treated 
in consideration of the prognosis. Spacer placement for 
cancers of the abdominal organs adjacent to the 
gastrointestinal tract, combination with hepatic arterial 
anticancer drug infusion for multiple liver cancer, and 
combination with GEM for pancreatic cancer have recently 
been performed, gradually including previously 
non-indicated diseases.  

By beam type, 2,122 and 517 patients (80 and 20%) were 
treated with proton and carbon ion beams, respectively. The 
smaller number of carbon ion-treated cases was due to the 
fact that the initiation of general practice was about 2 years 
later than the start of proton beam treatment, and limitations: 
a gantry cannot be used, and the range at the maximum 
energy of carbon ion beams (320 MeV) is only 15 cm, which 
does not reach deep tumors, such as prostate cancer.  
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Fig. 3 Changes in the annual number of treated patients (2,639 as of March 
2009)  

 
Fig. 4 Treated diseases by beam type (2001-2009.3) 

However, carbon ion beams have recently been increasingly 
applied (Figs. 3 and 4).  

B.   Outcomes of Treatment of Major Diseases at the HIBMC 
and Discussion  

Head and neck tumors  
Head and neck tumor cases treated at the HIBMC between 

May 2001 and August 2006 were analyzed. There were 84 
male and 79 female patients aged 16-90 years (median: 65 
years). The subregion was the nasal cavity in 36, maxillary 
sinus in 34, ethmoid sinus in 14, palate in 10, sphenoid sinus 
in 8, parotid gland in 8, nasopharynx in 7, pterygopalatine 
fossa in 7, gingiva in 7, orbital cavity in 5, and others in 27. 
There were 129 new and 34 recurrent cases, and the 
histology was malignant melanoma in 48, adenoid cystic 
carcinoma in 35, squamous cell carcinoma in 32, 
adenocarcinoma in 14, undifferentiated carcinoma in 9, 
olfactory neuroblastoma in 6, osteosarcoma in 3, and others  

in 16. The rates of relatively rare histological types, such as 
olfactory neuroblastoma, malignant melanoma, and adenoid 
cystic carcinoma, were high, in addition to squamous cell 
carcinoma, which frequently develops in this region. The 
T-stage was T1 in 9, T2 in 18, T3 in 36, and T4 in 79. 
Regarding treatment, 128 cases received 65 GyE/26fr proton 
beam radiation, which was the most frequent regimen, 
followed by 57.6 GyE/26fr and 70.4 GyE/16fr carbon ion 
beam radiation in 34 and 1, respectively. The duration of 
follow-up was 18 months, the 2-year local control rate was 
72%, and the 2-year overall survival rate was 64%. Many 
cases were highly malignant melanoma, and most cases were 
advanced, but the outcomes were favorable. As a 
characteristic finding, the local control rates of 
non-squamous cell carcinomas, such as malignant melanoma, 
adenoid cystic carcinoma, and olfactory neuroblastoma, 
were generally higher than that of squamous cell carcinoma. 
These non-squamous cell carcinomas are considered 
resistant to conventional radiotherapy (X-rays), but the local 
control rate following particle beam radiation was favorable. 
Similar outcomes were achieved by proton beam radiation 
therapy at the National Cancer Center Hospital East and 
carbon ion beam radiation therapy at the National Institute of 
Radiological Sciences, for which the reason remains to be 
elucidated. Although the dose fractionation was different, 
there were no significant differences in the local control or 
overall survival rate between proton and carbon ion beam 
radiation therapies.  

 
Lung cancer 
Seventy-five cases of stage-I lung cancer definitely 

diagnosed histologically as primary non-small cell 
carcinoma treated with proton or carbon ion beam 
radiation therapy between April 2003 and April 2007 were 
investigated. There were 54 male and 21 female patients 
aged 48-89 years (mean: 76 years). The histopathological 
diagnosis was adenocarcinoma in 44, squamous cell 
carcinoma in 26, large-cell carcinoma in 1, and others in 4. 
The tumor size was 11-70 mm with a median of 30 mm. 
The T-stage was T1 in 39 and T2 in 36, and PS was 0, 1, 2, 
3, and 4 in 40, 25, 10, 0, and 0 cases, respectively. 
Thirty-nine and 36 cases were operable and inoperable, 
respectively, and the inoperability was due to pulmonary 
complications (interstitial pneumonia, pulmonary 
dysfunction, and COPD) in 22, cardiovascular disorder 
(heart failure and cerebral infarction) in 9, diabetes in 5, 
advanced age in 3, and others in 3. The duration of 
follow-up was 4-61 months, with a median of 25 months.  
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The 2-year local control rate in all patients was 83%, and 
the overall survival rate was 84%.  

The 2-year overall survival rates of T1 cases treated with 
proton and carbon beams were 85 and 92%, and the 2-year 
local control rates were 83 and 87%, respectively, showing 
no significant differences. In T2 cases, the 2-year overall 
survival rates were 83% each, and the 2-year local control 
rates were 80 and 83%, respectively, showing no significant 
differences. Regarding late adverse events, the incidence of 
G2 or severer pneumonia within 2 years was 13%, and costal 
fracture and skin disorder occurred in 17 and 12 cases, 
respectively. Based on these findings, particle beam radiation 
therapy is safe and effective for stage-I lung cancer.  

 
Liver cancer 
The prognosis was investigated in 104 cases (104 nodules) 

of intrahepatic solitary hepatocellular carcinoma (median 
tumor size: 42 mm (8-130 mm)). There were 82 males and 22 
females aged 42-89 years (median: 69 years), and 93 and 11 
cases were irradiated with proton and carbon ion beams, 
respectively. The duration of follow-up was 15.1-75.9 
months (median: 34.0 months). The fraction sizes of proton 
beam irradiation were 76 GyE/20Fr, 60 GyE/10Fr, and 76 
GyE/38Fr, and those of carbon beam irradiation were 52.8 
GyE/8Fr and 52.8 GyE/4Fr. The Child-Pugh class was A in 
86 (83%), B in 17 (16%), and C in 1 (1%). Regarding viral 
markers, 13 cases (13%) were HBV-positive, 68 (65%) were 
HCV-positive, 22 (21%) were nonB, nonC, and 1 (1%) was 
positive for both. The stage diagnosed following the UICC 
Stage 1997 was I in 20 (19%), II in 50 (48%), IIIA in 31 
(30%), and IVA in 3 (3%). The maximum tumor diameter 
was <30 mm in 40 (38%), 30-50 mm in 32 (31%), 51-100 
mm in 28 (27%), and 100 mm � in 4 (4%). The 3-year 
local control and overall survival rates were 89.6 and 
78.2%, showing favorable outcomes. Particle beam 
radiation therapy may become a radical treatment 
for liver cancer with a size of several cm.  

 
Prostate cancer 
The HIBMC has been performing lateral opposing portal 

irradiation with proton beams at 190-230 MeV (74 
GyE/37Fr) alone or in combination with hormone therapy. 
When acute-phase adverse events were investigated in 287 
cases treated at the HIBMC, no Grade-2 intestinal adverse 
event occurred in proton beam-treated cases (0%), unlike 
those in cases treated with conventional radiation (14-64%), 
showing that very safe treatment is possible. The 3-year 
biochemical disease-free survival rates were 100, 99, 90, and 
79% (9, 140, 71, and 71 cases) in cases with an initial PSA 
level of � 4.0, 4.1-10.0, 10.1-20.0, and > 20.0 ng/ml, 

respectively, surpassing the outcomes of surgery and 
3-dimensional conformal radiation therapy.  

IV.   DISCUSSION 

A.   Problems to Be Overcome 

Differential use of proton and carbon ion beams  
Regarding the dose and fraction, since those judged safe 

and effective at previous particle beam therapy facilities have 
been adopted, the proton and carbon ion beam radiation 
protocols vary, and strict comparison is not possible. 
However, there were no significant differences in the local 
control or overall survival rate between proton and carbon 
ion beam treatments in any head and neck tumor (even in 
radiation-resistant tumors, such as malignant melanoma and 
adenoid cystic carcinoma), lung or liver cancer. Regarding 
adverse events, there was no significant difference in the 
incidence of optic neuropathy following the irradiation of 
masses proximal to the optic nerve between the 2 beam types, 
while the incidence of encephalopathy following the 
irradiation of regions including the brain was higher in 
carbon ion beam treatment, showing that problems 
concerning the differential use of proton and carbon ion 
beams have not yet been clarified, for which we initiated a 
study on metastatic cancers 2 years ago, and a full-scale 
comparative study with an identical fraction size in April 
2009. Clinical conclusions will be made within several years.  

 
Limit of the broad beam method 
The occurrence of optic neuropathy, encephalopathy, and 

skin disorder described above is a weak point of the broad 
beam method. The development of dynamic beam 
modulation, such as spot scanning, is anticipated.  

 
Spread of devices  
Although the therapies are specified as advanced medical 

care, the treatment fee is about 3 million yen due to the costs 
of construction and maintenance. Charged particle beam 
radiation therapy is very advantageous, and should occupy a 
major position in clinical oncology in the future, for which 
cost reductions by the down-sizing of devices and 
development of hardware are necessary.  

B.   Project for the Development of Laser-Driven Proton 
Radiotherapy and Future Prospects  

A laser-driven accelerator not using a synchrotron or 
cyclotron was proposed by Tajima et al in 19793. The 
development of an accelerator for medical use is underway, 
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and a table-top accelerator will be realized4. We are 
participating in a project aiming at realizing laser-driven 
proton radiotherapy promoted by the Japan Atomic Energy 
Agency. Since the HIBMC can use proton and carbon ion 
beams, we have initiated various biological studies with 
synchrotron-accelerated proton and carbon beams, 
laser-driven proton beams, and X-rays (Fig. 5). Furthermore, 
aiming at the developmental fusion of particle beam 
irradiation techniques including spot-scanning with 
image-guided treatment planning using autoactivation PET5, 
we have started the development of a device capable of 
applying safe and reliable individualized particle beam 
radiation therapy corresponding to individual tumor 
sensitivity and intractability, i.e., a device capable of reliable 
irradiation of the target, while immediately diagnosing the 
irradiated site and feeding it back. 

 
Fig. 5 Progress and Plan of in vitro Experiment at HIBMC 

Our project started in 2007 for 10-year plan. The goal of 
the project is to develop a specialized laser driven proton 

accelerator for medical usage. HIBMC's obligation is to 
clarify biological features of the proton beams, to confirm 
physical aspect of the autoactivation phenomenon induced 
by the proton beams, to propose proper specifications of the 
hardware & treatment planning software, to decide target 
diseases suitable for the therapeutic apparatus, to set up a 
plan for clinical study, and finally to treat patients using the 
laser driven proton equipment working in conjunction with 
PET devices. 

V.   CONCLUSIONS   

Particle radiotherapy is promising treatment modality for 
patients with H&N, lung, liver and prostate cancer without 
resection. To develop and spread the particle radiotherapy, 
cost reductions are necessary. We expect the development of 
laser-driven proton radiotherapy. 
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Abstract— Monte Carlo method is the most accurate calcula-
tion method commonly used in clinical simulations. Although 
this method is worldwide used for treatment planning and dose 
calculation, there are still some debating problems due to the 
accuracy and calculation time of each code. Monte Carlo codes 
like MCNP and EGS has been calibrated with experimental 
data. In this work we have compared recent multipurpose 
FLUKA code with EGSnrc, MCNP4C, and ETRAN Monte 
Carlo codes for understanding their limitations, and to avoid 
systematic errors in the simulation, and to suggest further 
improvement for the codes. The electron depth dose obtained  
from each code has been compared with energy interval be-
tween 10keV to 20Mev in the water phantom. There are minor 
disagreements between the codes, the physics and cross section 
of each code has been compared to evaluate the results. Their 
timing and further capabilities of each code has been com-
pared. All codes show great agreement in predicting the depth 
dose rise up and fall out, with energy increase. The depth dose 
peak shifts toward the deeper depths, and spreads with energy 
increase. The codes show difference in regard to the slope of 
rise and fall, which is more observable at energies above 10 
MeV. 
Keywords— Monte Carlo Codes, Depth Dose, Electron                         
Beam.

I. INTRODUCTION  

Medical linac is the most important treatment facility in 
the world. They operate in two modes of electron and pho-
ton. The electron beam provides a unique option in treat-
ment of superficial tumours [1]. Although photon beams 
have wider applications in radiotherapy, electron beam dose 
calculation is more complicated [2]. Thus electron dosime-
try, treatment planning is a common concern of radiotherap-
ists. The complex interactions of electron with tissues make 
treatment planning difficult. The first treatment planning 
used empirical electron beam percentage depth dose for this 
purposes. The look up table type algorithms do not predict 
well the dose for oblique electron beams. They also faced 
difficulties in tissue inhomogeneities dose calculation. 

 The most accurate method for treatment planning and 
dose distribution calculations is the Monte Carlo method 
[3]. The only important drawback of this method is its long 
time  calculations. However, owing to rapid development of 

computer technology and algorithms the use of this method 
is now not restricted only to big research centers [4]. It 
appears that we are rapidly approaching a time when Monte 
Carlo simulations will be part of everyday practice in radio-
therapy departments. The first Monte Carlo simulations of 
electron beam simplified the accelerator head in order to 
reduce the time of calculations. The recent calculations 
consider all accelerator components and electron beam 
characteristics [5, 6, 7]. Multipurpose Monte Carlo codes 
like MCNP, EGS, PENELOPE [8], and GEANT [9] have 
been widely used for characterization of electron beams. 
Great agreements with about less than three percent have 
been reported between Monte Carlo dose calculations and 
measurements [10]. The main causes of disagreements are 
Different physical models and algorithms used in the codes, 
or the measurement errors [11]. Bremsstrahlung cross sec-
tion data are the same for EGSnrc, and MCNP for high 
electron energies, For lower electron energies below 50 
MeV more recent bremsstrahlung cross section data are 
used in both of the codes [12]. In contrast to class-II codes 
such as EGSnrc, electron steps are predetermined in 
ETRAN. Energy loss distributions corresponding to the 
successive steps are precalculated and can be used online 
during the transport simulation process. Each new multipur-
pose code like FLUKA should be carefully benchmarked 
with either experimental data or benchmarked Monte Carlo 
codes in order to rely on their results in further simulations, 
and investigate its capability in further dose distribution 
calculations. The codes investigated in this study were 
EGSnrc [13] and MCNP4C [14], FLUKA [15], ETRAN 
[16]. 

II. MATERIALS AND METHODS

EGSnrc [17,18] a general purpose code based on the 
popular EGS4 system [19] that incorporates a variety of 
improvements, was shown to produce artifact-free con-
densed history simulation of coupled electron/photon trans-
port in previous publications [17,20]. The EGSnrc is a 
class-II Monte Carlo code. In the EGSnrc the Moller [21] 
and Bhabha [22] inelastic cross sections are used for the 
generation of secondary electrons by the impact of electrons 
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and positrons, respectively. The most significant change 
involved in EGSnrc is the use of a completely new electron 
multiple-scattering algorithm, which removes all shortcom-
ings of the Moliere theory, especially its limitation in scat-
tering sampling from large angular deflections [23]. EGSnrc 
does not model explicitly bremsstrahlung in the field of 
atomic electrons. This effect is taken into account through a 
correction factor in the total bremsstrahlung cross section. 
The EGSnrc does not distinguish electrons from positrons in 
the calculation of multiple-scattering distributions and 
bremsstrahlung emission probabilities. 

MCNP4C is a general-purpose three-dimensional Monte 
Carlo code that can be used for neutron, photon and electron 
or coupled neutron/photon/electron transport. The MCNP4C 
electron transport algorithm is based on version 3.0 of the 
Integrated Tiger Series (ITS) code system [24], which is 
based on the ETRAN code The ETRAN code is a class-I 
Monte Carlo code [25]. In this code the electron energy loss 
is sampled from the Landau distribution with the Blunck 
and Leisegang corrections for binding effects. The energy-
loss straggling effect is then accounted for in a directway. 
The lack of correlation between the transport of primary and 
knock-on electrons can lead to some calculation artefacts . 

FLUKA is a general purpose tool for calculations of 
more than 60 particles transport and interactions with mat-
ter. FLUKA uses an original multiple Coulomb scattering 
transport algorithm for electrons, which gives the correct 
lateral displacement even near the boundaries. In each step 
of the multiple scattering algorithms, the discrete event 
cross sections of the continuous energy loss are considered. 
The bremsstrahlung differential cross-sections of Seltzer 
and Berger have been extended. The present lowest trans-
port limit for electrons is 1 keV. Although in high-Z mate-
rials the Moli`ere multiple scattering model becomes unreli-
able below 20-30 keV, a single-scattering option is 
available which allows to obtain satisfactory results in any 
material also in this low energy range. 

The geometry and physical parameters of the simulation 
have been implemented accurately in all codes. The electron 
beam hits the water phantom perpendicularly and depth 
dose is calculated in the central axis of the phantom. The 
electron beam energies from 100 keV to 20 MeV has been 
considered. The kinetic cut-off energy for electron and 
photon is 10 keV.  

III. RESULT AND DISCUSSION  

The electron beam central axis depth dose characterizes 
the electron beam features in dosimetry and treatment plan-
ning calculations. Figure 1 shows depth dose for various 
electron beams simulated with FLUKA code. The electron 

depth dose increases to its maximum energy and falls off 
rapidly. All the other codes show the same depth dose fea-
ture with increase of energy. The practical range Rp is de-
fined as the depth at which the tangent of steepest fall of 
point intersects the depth axis as showed in figure 1. The Rp 
is a function of electron energy. Table 1 shows the Rp cal-
culated by FLUKA at different energies. The practical range 
of FLUKA, EGSnrc, and MCNP codes are the same for 
energies below 5 MeV. The range difference above 5 MeV 
is less than 5 percent between the codes. The practical range 
calculated by FLUKA and EGSnrc show more agreement 
comparing to other Monte Carlo codes. 

Fig. 1 Central axis depth dose at a) 100 keV, 500 keV b) 1 MeV, 2 MeV, 5 
MeV c) 10 MeV, 20 MeV and 50 MeV simulated by FLUKA code 
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Table 1 .Electron practical range simulated by FLUKA code 
ay different energies 

Energy (MeV) Rp (cm) 
0.1 0.013 

0.5 0.016 

1 0.045 

2 0.95 

5 2.5 

10 5.25 

20 10.3 

Figure 2 compares the depth dose of EGSnrc, FLUKA, 
MCNP, and ETRAN at 7 energies of 100 keV, 500 keV, 1 
MeV, 2 Mev, 5 MeV, 10 MeV, and 20 MeV. Low energy 
electron beams from 100 keV to medium energies of 10 
MeV show great accordance between FLUKA and EGSnrc, 
while FLUKA results in 20 MeV estimate more surface 
dose up to maximum dose comparing to EGSnrc. Although 
ETRAN shows similar results to other codes at lower ener-
gies, its results deviates more in compare to other codes at 
energies above 2 MeV. MCNP results are comparable to 
EGSnrc and FLUKA results even at higher energies.  

Fig. 2 Comparison of Central axis depth dose at a) 100 keV b) 500 keV c) 1 MeV d) 2 MeV e) 5 MeV f) 10 MeV and g), 20 MeV simulated by 
Monte Carlo codes 
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Figure 3 shows the effect field size on percentage depth 
dose simulated by FLUKA at 20 MeV. The field sizes are 
cylindrical with diameters from 2 cm to 14 cm. As the di-
ameter reaches the practical range of the electron which is 
about 10 cm at 20 MeV, the electron depth dose doesn’t 
change with increasing the field size. Electron lateral equi-
librium exists when the field size diameter is comparable 
with practical range. At smaller field sizes the dose rate 
decreases therefore maximum dose appears at shallower 
depth, and the depth dose is less steep. 

Fig. 3 Central axis depth dose at 20 MeV with different field sizes simu-
lated by FLUKA code 

IV. CONCLUSIONS  

In this study the electron central axis depth dose has been 
calculated in a water phantom for ETRAN, MCNP4C, 

EGSnrc, and FLUKA which are general purpose Monte 
Carlo codes at beam energies from 0.1 MeV to 20 MeV. 
The compared depth dose at energies lower than 1 MeV 
shows a great agreement between the codes. With increas-
ing the energies up to 10 MeV the results are comparable, 
and could be relied with differences lower than five percent. 
Energies above 10 MeV is recommended to be verified with 
experimental data in any case of electron dose calculation 
especially when inhomogeneities exist. In compare to 
MCNP, FLUKA results show more agreement with EGSnrc 
calculations.

Beside the accuracy of the Monte Carlo codes, other ca-
pabilities of the codes have an important role. MCNP has a 
powerful variance reduction capability and point detector 
making dose calculation very fast. The geometry of FLUKA 
like MCNP code is more advanced in compare to  EGSnrc. 
FLUKA code has more than 60 particles making it capable 
for doing other radiotherapy dose calculation like hadron-

therapy, or neutron produced in above 10 Mev electrons and 
photons in linac. 
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Radiotherapy 
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Abstract—The purposes of this study are to investigate setup 
variations for translational and rotational movements using 
the ExacTrac X-ray 6D image-guided system and to evaluate 
their impact on tumor margins in prostate radiotherapy. Five 
patients with prostate cancer who had been treated with Ex-
acTrac X-ray 6D system were involved in this study. For each 
patient, after the images were obtained from X-ray devices and 
fused with digitally reconstructed images, setup variations for 
translational and rotational movements were investigated. 
From these variations, systematic and random errors were 
calculated and their impact on tumor margins was evaluated. 
Based on the bony landmarks, means and standard deviations 
of translational variations in the anterior-posterior (AP), supe-
rior-inferior (SI), and left-right (LR) directions were -0.8±1.8, 
0.6±2.0, and -0.2±0.3 mm, respectively. Rotational variations 
were 0.24±0.19, 0.05±0.30, 0.63±0.61 degrees along the yaw, 
roll, and pitch directions, respectively. Tumor margins due to 
setup variations were calculated as 5.5, 6.0, and 1.5 mm in the 
AP, SI and LR directions, respectively. Image-guided function 
with ExacTrac X-ray 6D system was useful for the investiga-
tion of setup variations. Their influence on tumor margins was 
also evaluated for prostate radiotherapy. To apply tumor 
margin clinically, other errors such as interfractional one 
should be further considered. 

Keywords—prostate cancer; setup variation; systematic and 
random errors; tumor margin. 

I. INTRODUCTION  

Although radiation treatment techniques such as 3-
dimensional conformal radiation therapy, dynamic confor-
mal arc therapy, and intensity-modulated radiation therapy 
(IMRT) gave accurate dose distribution to a tumor without a 
sacrifice of normal tissue surrounding tumor and improved 
target coverage, the accurate patient positioning and target 
localization are needed prior to the dose delivery.  

It was reported that image-guided radiotherapy (IGRT) 
had some benefits both to the accuracy of patient setup 
errors (1, 2) and to dosimetrical aspects (3, 4).  
Image-guided function, which generated 2-dimensional 
radiographic images or 3-dimensional volumetric images, 
visualized the patient’s position in real time for the patient 
positioning and target localization.  

Recently, ExacTrac X-ray 6D image-guided system in-
cluding stereoscopic X-ray imaging device, real-time 

marker tracking device, and robotic couch implemented 
IGRT (1, 2). As this system gets X-ray images with the 
same isocenter from two beams and matches them with 
digitally reconstructed radiograph (DRR) images generated 
from CT for treatment planning, setup variations could be 
obtained. 

Generally, errors were composed of two components, 
systematic and random ones. Systematic component was 
related to the average offset over a course of treatment and 
random component was related to its daily variation. Sys-
tematic and random errors were considered for the calcula-
tion of tumor margins of planning target volume (PTV). 
Among several calculation models previously suggested (5-
7), van Herk’s formula (7) was used in this study. 

Using image-guided function in the Novalis system, it 
was provided setup variations for translational and rota-
tional movements for prostate radiotherapy. From the trans-
lational variations, systematic and random errors were also 
calculated. Lastly, impact on tumor margins that had been 
generated from these errors was evaluated. 

II. MATERIALS AND METHODS 

A. The Novalis Image-Guided Function and Setup 
Variation Measurement 

As one of linear accelerators for radiation treatment of 
both cranial and extracranial regions, Novalis system has 
been used in radiotherapy as well as radiosurgery with mi-
cro-multileaf collimator (micro-MLC) and a single energy 
of photon beam (8). This system is an integrated one so that 
it has various components including treatment planning 
system (TPS), image-guided system for a patient position-
ing and target localization, and linear accelerator machine.  

The image-guided function was performed with Exac-
Trac X-ray 6D system (BrainLAB AG, Feldkirchen, Ger-
many). This system was composed of two infrared cameras 
for a patient positioning, two X-ray sources and detectors 
for target localization, and a robotic couch for translational 
and rotational movements. Before the treatment, two sets of 
skin markers, ones from infrared cameras and the others 
from the planning CT images, were accorded. Target posi-
tioning by X-ray device would be carried out after the  
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positional correction due to markers. The two X-ray images 
acquired from left and right sources on the floor were com-
pared with DRRs generated from the planning CT images. 
Image matching was carried out based on the bony land-
marks. Throughout the image matching and positional 
variations, the treatment for each patient was ready.  

B. Patient Characteristics and Treatment Planning 

Five patients with prostate cancer who underwent radia-
tion treatment on the Novalis system between Mar 2008 and 
Nov 2008 were involved in this study. IMRT technique was 
used for these treatments with total doses from 50 to 55 Gy. 
Fractionation was 25 for each treatment and a total dataset 
of 125 were included for this study.  

CT images of each patient were acquired for radiation 
treatment. After CT images with the interval of 3 mm were 
acquired, they were transferred and registrated to the TPS of 
iPlan 3.0 (BrainLAB AG, Feldkirchen, Germany). Clinical 
target volume (CTV) that included the prostate for each 
patient was delineated and some organs at risk such as the 
bladder and the rectum were also contoured. PTV was de-
fined by the three-dimensional expansion of the CTV by 7 
mm. 

C. Calculation of PTV Margin 

For the determination of PTV margin, a formula by van 
Herk et al. (7) was used. This margin ensures that 90% of 
patients received a minimum dose to the CTV of at least 
95% of the prescribed dose, 

PTV margin = 2.5Σ + 0.7σ  [1] 

Where, Σ is the systematic error, given by the standard 
deviation of the mean, σ is the random error, given by the 
root mean square of the standard deviations (7). These two 
parameters in the eq. [1] can be expressed as Σ = (ΣSM, INTER

2 

+ ΣINTRA
2)1/2 and σ = (σSM, INTER

2 + σINTRA
2)1/2  (8). Subscripts 

of ‘SM, INTER’ and ‘INTRA’ represent tumor margin 
components due to daily interfractional and intrafractional 
movements, respectively. In this work, PTV margin compo-
nents due to setup and interfractional errors were consid-
ered. PTV margin component due to intrafractional error 
was argumented in the discussion section. 

III. RESULTS AND DISCUSSION 

A. Translational and Rotational Setup Variations  

Fig. 1 shows translational and rotational setup variations 
for a prostate cancer patient. It shows that means of  

translational setup variations in the anterior-posterior (AP) 
and superior-inferior (SI) directions had negative and posi-
tive values, respectively, and rotational setup variations 
were within 2.0 degrees in all direction. Table 1 summa-
rized setup variations for all patients. It shows that standard 
deviation (SD) of translational variation in the SI direction 
and that of rotational variation along the pitch direction 
were largest. Means and standard deviations of translational 
setup variations in the AP, SI, and left-right (LR) directions 
were -0.8±1.8, 0.6±2.0, and -0.2±0.3 mm, respectively. 
Means and SDs of rotational setup variations along the yaw, 
roll, and pitch directions were 0.24±0.19, 0.05±0.30, 
0.63±0.61 degrees, respectively.  
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Fig. 1 Translational and rotational setup variations for a prostate cancer 
patient 

Table 1 Translational and rotational setup variations for prostate cancer 
patients 

Translation (mm) Rotation (degrees) 
 

AP SI LR yaw roll pitch 

Mean -0.8 0.6 -0.2 0.24 0.05 0.63 

SD 1.8 2.0 0.3 0.19 0.30 0.61 

B. PTV Margin Due to Setup Variations 

Table 2 shows systematic and random errors for transla-
tional movements. Systematic and random errors in any 
direction were not large, less than 2.0 mm. Systematic and 
random errors in the LR direction were smaller than any 
other errors in the AP or SI directions. Table 2 also shows 
PTV margin components due to translational variations 
calculated by van Herk’s formula [1] for prostate cancer 
patients. They are 5.5, 6.0, and 1.5 mm in the AP, SI, and 
LR directions, respectively. These tumor margins were 
larger in the AP or SI directions, compared to the margin 
the LR direction.  
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Table 2 Translational and rotational setup variations for prostate cancer 
patients 

Direction Systematic error 
(mm) 

Random error 
(mm) 

Tumor margin 
(mm) 

AP 1.8 1.4 5.5 

SI 2.0 1.4 6.0 

LR 0.3 1.0 1.5 

Table 3 shows systematic and random errors due to intra-
fractional movement in recent studies (2, 9, 10). From Ta-
bles 2 and 3, PTV margins that were clinically applicable 
were calculated. Calculated PTV margins ranged from 6.6 
to 8.2 mm in the AP direction. They also ranged from 6.9 to 
9.5 mm and from 2.4 to 2.8 mm in the SI and LR directions, 
respectively. Compared to the PTV margin of 7.0 mm in all 
directions in this study, the margin in the LR direction was 
overestimated. 

Table 3 Systemartic and random errors due to interfractional movement in 
the studies for prostate radiotherapy 

Measured interfractional movement 
Systematic error (Σ) Random error (σ) 

Study 
[ref 
#] AP(mm) SI(mm) LR(mm) AP(mm) SI(mm) LR(mm)
[2] 2.2 2.6 0.7 0.8 1.2 0.2 
[9] 0.8 1.3 0.5 3.7 4.1 0.9 

[10] 0.9 1.0 0.6 1.8 1.2 1.3 

The PTV margins based on current results are compara-
ble to ones described by Alonso-Arrizabalaga et al. (9). 
This case was based on skin-to-marker deviation. In the 
same study, however, PTV margins based on bone-to-
marker deviation were 3 ~ 4 mm larger in the AP and SI 
directions (9). Another study based on skin-to-marker de-
viation shows that PTV margin was especially larger up to 
5.5 mm in the LR direction (2), contrary to the current study 
that was based on skin-to-bone deviation. Likewise, PTV 
margins depend on the method to measure deviation. 

IV. CONCLUSIONS  

Image-guided function using ExacTrac X-ray 6D system 
was useful for the investigation of setup variations for trans-
lational and rotational movements. These setup variations 

were successfully applied to the calculation of PTV margin 
component for prostate radiotherapy. For clinically avail-
able tumor margins, other errors such as intrafractional error 
should be further considered on PTV margin calculation. 
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Abstract—We demonstrated that certain optimization 
strategies, not necessarily following the commonly used ap-
proaches, could help in some cases to produce desirable do-
simetric results in an efficient manner. We describe the effects 
of assigning a Region At Risk (RAR) as a primary target with 
a low prescription dose in the case of a salvage treatment to the 
prostate. The effect of assigning the urethra as a complete 
block as opposed to the RAR is examined for the boost phase 
of the same case. Optimization time can be reduced by first 
satisfying the RAR DVH objectives, while paying no attention 
to the primary tumor at all. After the RAR DVHs are close to 
desired, the tumor dose can be optimized quickly, without 
substantial deterioration of the RAR dosimetry. This is an 
opposite approach from the typical inverse planning, where an 
attempt to achieve conformal target dose is made first.  

Keywords—Tomotherapy, inverse planning, optimization. 

I.   INTRODUCTION 

One of the distinct attributes of helical tomotherapy is 
tight integration of treatment planning, image guidance, and 
treatment delivery. A narrow fan radiation beam and helical 
delivery allow to reduce scatter, direct the intensity modu-
lated beam at any angle in the linac rotational plane, treat 
long volumes with multiple targets, and to use MVCT im-
ages for treatment planning and image guidance. While 
similar in principle to other inverse planning systems, tomo-
therapy software (Hi-Art v. 3.x, TomoTherapy Inc., Madi-
son, WI, USA) takes advantage of the system integration.   
It has some unique features that can be used to produce 
optimal treatment plans. In this paper we describe some 
non-standard treatment planning approaches developed in 
the course of our clinical practice. 

II.   METHODS 

A.   Regions at Risk (RAR) Assigned as Targets 

Sometimes it is necessary to restrict dose to the volume 
located inside the tumor. One important example would be 
prostate cancer recurring after a permanent seed implant. 
For salvage external beam radiation therapy, homogeneous 
tumorcidal dose must be delivered to the prostate while 
protecting the urethra. Standard tomotherapy optimization 

techniques considering the urethra as an RAR or completely 
blocking it were compared with a different approach to the 
optimization problem. In this novel solution, both the ure-
thra and the surrounding prostate were assigned as tumors, 
with the urethra having the highest overlap priority. The 
prescription was 34 Gy to the 90% of the urethra and 45 Gy 
to 95% of the prostate PTV.   

B.   Blocks 

Tomotherapy software allows assigning any contoured 
volume as a block. Complete blocking does not allow any 
beam fan rays to enter the blocked structure, while a par-
tially blocked volume can be traversed by the fan rays exit-
ing the tumor. Blocking could provide very good protection 
for organs at risk but it causes redistribution of dose, with 
potentially less homogeneous target coverage and higher 
doses to unblocked RARs. In this paper, we examine a case 
of salvage radiotherapy to the prostate, with the urethra 
assigned first as a conventional RAR and then as a complete 
block. 

C.   Optimization Time 

Tomotherapy uses the convolution/superposition 
method for dose calculation [1, 2]. Despite the multi-
processor calculation engine, the total dose calculation and 
optimization time can exceed two hours per case. Optimi-
zation is a time consuming process with an art component 
to it. We investigated an empirical optimization sequence 
aimed at obtaining acceptable dose distributions while 
saving time. The method takes advantage of the particulars 
of the tomotherapy optimization algorithm: gradual in-
crease in the accuracy of the dose calculation, hard dose 
constraints for the primary tumor and soft objectives for 
the RARs. Initially, the Importance for all tumors is set to 
10 and Penalty to 1. Objectives for the RARs are specified 
as points on the DVH. Doses and volumes are typically 
specified as at least 10% less than ultimately desired. Im-
portance and Penalties vary from 1 to   9. Contrary to the 
typical IMRT planning approach, no attention at all is 
initially paid to the target coverage.  After 7 to 15 itera-
tions, the optimization process is interrupted and the  
objectives are adjusted until the RAR prescription is satis-
fied. After that, high Importance is assigned to the  
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tumor(s), and the optimization process is finished when 
the homogeneity of the tumor dose is acceptable. 

III.   RESULTS AND DISCUSSION 

A.   Regions at Risk (RAR) Assigned as Targets 

The straightforward optimization technique with the 
prostate assigned as a tumor and the urethra as a RAR re-
sulted in the dose to the part of the urethra being too high 
for a salvage treatment (Fig. 1a). Even with high penalties, 
70% of the urethra was getting the full PTV intended dose 
(45 Gy). Assigning the urethra as a complete block resulted 
in the dose inhomogeneity across the prostate that was 
deemed clinically unacceptable as well. Better dosimetric 
results were achieved with both the urethra and the prostate 
assigned as tumors, with the urethra as a primary tumor 
having the highest overlap priority. The urethra receives an 
almost homogeneous dose between 33.6 and 35.5 Gy, while 
80% of the PTV volume receives from 44.4 to 47.7 Gy. The 
sparing of the urethra is clearly shown in Fig. 1b.  

Although in a typical IMRT planning approach the 
higher dose target is assigned as a primary tumor, reversing 
the priorities helps to take advantage of the fact that the 
tomotherapy treatment planning system renormalizes the 
plan until the hard dose constraint assigned to the primary 
tumor is met.  

B.   Blocks 

Fig. 2 shows the boost portion of the treatment plan for 
the same salvage prostate treatment. The primary goal is to 
protect the urethra while treating a portion of the prostate to 
25.2 Gy. Best effort was set forth to spare the urethra while 
assigning it either as an RAR or a complete block. In the 
first case, 60% of the urethra receives 12 Gy or more and 
the maximum dose is 20 Gy. When the urethra is treated as 
a block, 60% of the volume receives no more than 6 Gy, 
and the maximum dose is less than 12 Gy. Of course this 
improvement in dosimetry comes at a price, since the opti-
mization algorithm can only redistribute the dose and the 
integral dose in the shell surrounding the target is largely 
conserved [3]. The PTV dose is less homogeneous as a 
result, but the second plan was overall deemed superior for 
the clinical situation. 

C.   Optimization Time 

The implementation of the timesaving approach to opti-
mization described in METHODS is illustrated in Table 1 for 
a lung case. The target dose for this initial portion of the 

treatment was 39.6 Gy to 90% of the PTV, with the plan-
ning objectives shown in the table as prescription.  

 
Fig. 1 Optimization results with the urethra assigned as an RAR (a) and 
primary tumor (b) 

 
Fig. 2 Urethra assigned as an RAR (a) and a complete block (b) 

The table also shows the Initial and Final objectives used 
to satisfy the prescription. The initial penalty for the PTV 
was set to 1. The final penalties for all structures are set 
numerically equal to their respective importance values. 

Each iteration originally took 2-3 seconds. The RAR 
constraints were changed after 15 iterations (40 sec) to 
improve the DVH curves. For the PTV, the initial con-
straints were changed to the final ones after 36 iterations, 
after the incremental changes in the RAR DVHs between 
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iterations became negligible. The total time for the optimi-
zation process to achieve an acceptable dose distribution 
(Fig. 3) was about 7 minutes.  

With the often-used approach, when achieving conformal 
prescription dose to the target is attempted first, such an 
optimization would take about 15 minutes.  

Table 1 Dose objectives for a lung case 

Prescription PTV Heart Cord Esoph. Rt Lung Lt. Lung 

% Vol 90 40 10 30 20 20 
Dose, Gy 39.6 10 10 10 15 5 

Initial  
objectives 

 

Importance 10 1 3 2 2 3 
DVH vol, % 90 35 8 27 18 18 
DVH Dose 39.6 8 8 8 12 4 

Final 
Objectives 

 

Importance 555555 3 3 2 2 3 
DVH vol, % 90 20 10 20 18 18 
DVH dose 39.6 10 4 5 12 4 

Again, this method is based on the hard dose constraint 
assigned to the primary target, which is always satisfied. It 
was found empirically that if the RAR DVH curves’ shape 
is far from desired after 30-50 iterations, it might be benefi-
cial to cancel and restart the optimization process rather 
than simply changing the objectives. One plausible explana-
tion is the increase in dose calculation accuracy with subse-
quent iterations built into the algorithm. Once the RAR 
DVHs are close to desired, the dose to the primary tumor 
can be optimized very quickly, with the minimal change to 
the RAR dose. Hot or cold spots in the PTV can be reduced 
as necessary by changing the percentage of the volume 
receiving a certain dose (moving the DVH horizontally). 

 

Fig. 3 Dose distribution for a lung case obtained by satisfying the RAR 
dose objectives first and the PTV constraints thereafter 

IV.   CONCLUSIONS 

We demonstrated that certain optimization strategies, 
which differ from those conventionally used, can produce 
desirable dosimetric results in an efficient manner. 
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Abstract- Purpose: To compare the performance of different 
g(r) fitting equations to arrive at an optimum equation that
can be used to model Varian Ir-192 source (VariSourse 
model VS2000). Methods: Different fitting equations were 
tried. Results: It was found that Polynomial equations above 
order 3 produced the best representation of the Monte Carlo 
simulated data. The selection of the number of decimal 
places (digits) was found to have significant effect on the 
performance of the fitting equations. The minimum 
required digits to attain the minimum % difference from 
Monte Carlo simulated data for polynomial orders 3 to 9 
were: 6, 7, 8, 9, 11, 12, and 13 respectively. For Lliso et al 
and Moss equations, the minimum required digits to obtain 
the minimum % deviation from Monte Carlo simulated data 
were 6 and 5 respectively.  All polynomial orders above 3, 
produced less maximum deviation from Monte Carlo 
simulated data than that produced by Lliso et al and Moss 
equations. Compared to Lliso et al, Moss equation produced 
less deviation from Monte Carlo simulated data. The 
selection of the number of decimal places was found to 
severely affect the physical behaviour of different fitting 
equations. Conclusion: The suggestion made by the update 
of the TG43 to use Moss equation as a fitting equation for 
radial function is not appropriate for Ir-192 Varian source 
model VS2000. Instead, the use of Polynomial equations 
above order 3 with appropriate decimal places is more 
appropriate and results in less error.

Keywords: Brachytherapy, HDR source, Treatment 
planning.

I. INTRODUCTION

Brachytherapy dose calculation formulism 
recommended by the AAPM [1, 2] is based on the 
recommendation of the Interstitial Collaboration Working 
Group (ICWG) [3]. The ICWG formulism is designed for 
sources which are cylindrically symmetric and expressed 
the dose rate as a function of air-kerma strength. Thus, 
the general two-dimensional dose rate at a point (r, ), 

r,D
.

in a medium is given by:

,
0,0

,
,

.
rFrg

rG

rG
kSrD                 (1)

Where Sk is the air-kerma strength of the source, is the 
dose rate constant, G(r, ) is a geometry factor describes 

the variation of relative dose due only to spatial distribution of 
activity within the source ignoring photon absorption and 
scattering in source structure, (r0,, 0) is the coordinate of the 
reference point (r0 = 1 cm, 0 ), F(r, ) is the anisotropy 
function describes the anisotropy of dose distribution around 
the source including the effect of absorption and scatter in the 
medium, and g(r) is the radial dose function that accounts for 
absorption and scatter in the medium along the transverse axis.    

The use of equation (1) to calculate dose rate at any point 
requires knowledge of the F(r, ) and g(r) functions. These 
functions are usually derived using linear interpolation of 
lookup tables or any appropriate mathematical model fit to the 
data. Both measured and Monte-Carlo simulated data are 
acceptable for fitting purpose [2]. Deviation of the fitted data 
from the source data must be less than ± 2% and must be 
assessed at acceptance of the treatment planning system and 
whenever a new source is introduced [2]. Unfortunately, the 
AAPM did not give any conclusive recommendation on what 
fitting equation to be used. It used fifth order polynomial to 
the g(r) data in its TG 43 [1]. It then, in its update of the TG 
43 [2] hinted that the use of polynomial fit may result in 
erroneous results and suggested the use of an equation 
developed by Moss [4], and eventually in the same update 
report (under clinical implementation heading) suggested the 
use of polynomial fit. 

Our center has recently purchased Varian high dose rate 
system with a new Ir-192 source (VariSourse model VS2000)
and in compliance with the AAPM recommendations [1, 2]; 
we attempted to obtain the best fit for the data of our source
which were provided by the manufacture. These data were 
adopted from the Monte-Carlo modeling of the source that 
was performed by Angelopoulos et al [5]. We then (in attempt 
to develop the best fit to these data) modeled these data using 
polynomial fit and other suggested equations in the literatures 
to arrive at the optimum fitting equation and derived the 
parameters that produced the best fit. Our finding with regard 
to radial dose function, g (r), is reported in this paper.

II. METHODS

A. Optimization of polynomial order and fitting coefficients

It is well known that, polynomial function can take any 
order (1, 2, 3 . . .  etc.) and that the selection of the order will 
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affect the goodness of the fit. Furthermore (as we will see 
in this work), the selection of the number of decimal
places (digits) may also affect the accuracy of the fit of 
the polynomial equations. Although, TG-43 used 4 to 5 
order polynomials for its tabulated data of different 
sources [1], no recommendation was given by TG-43 or 
any other publication regarding the number of decimal 
places to be used for different sources.

For this part of the study, the Monte-Carlo simulated 
data of Angelopoulos et al were fitted using different 
polynomial orders (from 2 to 9) [5]. The fit was
conducted using Microcal Origin 5.0 software, and the 
number of decimal places was set to 14 for all polynomial 
orders. The data were also fitted using Moss and Lliso et 
al equations [4, 6]. The goodness of fit was assessed 
using the coefficient of determination R2 and P value (the 
P value for R2 = 0). The behavior of different fitting 
equations within and outside the tabulated data pointes 
were assessed by solving these equations for all distances 
(r) up to 30 cm.  

B. Effect of number of decimal places

For this part of the study, the Monte-Carlo simulated 
data were fitted using different polynomial orders and 
decimal places. For every polynomial order, the numbers 
of decimal places were changed from 1 to 14. The 
number of decimal places was selected prior to the fitting 
process. All fittings were done using Microcal Origion 
5.0 software. The resulted fitting coefficients were then 
used to calculate the radial function (Cg(r)) at different 
depths r. These calculated g values were then compared 
with the original Monte-Carlo radial function (Mg(r)). 
The absolute % differences (APD) between the calculated 
Cg(r) and Mg(r) at different depths were then calculated
using equation (2). The maximum absolute % difference 
(MAPD) at any depth (0.1 to 15 cm) was taken as an 
index of the performance of the fitting equation.

      
rMg

rMgrCg
APD 100                                         (2)

The same approach was also done with Moss and Lliso 
et al. equations.

III. RESULTS AND DISCUSSION

B. Polynomial order and fitting coefficients

Table 1, shows the results of different fitting equations. 
It is clear from this table that, the goodness of fit of
polynomial functions was improved as the order of the 

polynomial function was increased. This is clearly evident by 
the increase in R2 with order. R2 increased from 0.997 at order 
2 to 0.999 at order 9. It was also noted that R2 increased first 
steeply between order 2 and 4 and then more slowly between 
orders 5 and 9.

Table 1 Summary of the result of different fitting process. Note h, i, j and k
are the fitting coefficients obtained for Lliso et all (2003) equation.

Equation R2 P

Poly.2 0.9974317049053 <0.0001
Poly.3 0.99812349739354 <0.0001
Poly.4 0.99930744001099 <0.0001
Poly.5 0.99931948741895 <0.0001
Poly.6 0.99966948238752 <0.0001
Poly.7 0.99972962425362 <0.0001
Poly.8 0.99980235417595 <0.0001
Poly.9 0.99989575593959 <0.0001
Moss 0.99907051880065 <0.0001
Lliso Full data
(h =0.99745049665789, i 
=0.00707183005043, j = 3.78662E-5,
k=3.58877153496714)

0.99692179392251 <0.0001

Lliso et al with omission of last point 
(g(15 cm)
(h =0.99883002367539, i 
=0.0085574333735,  j = 9.67789E-5, 
k =3.21133801857928)

0.99877712050886 <0.0001

Apart from order 9 (and using 14 decimal places), all other 
polynomial equations resulted in an expected physical 
behaviour at distances away from Monte Carlo simulated data.
It is also worth mentioning that, although, order 9 polynomial 
equation resulted in the best possible fit (R2 = 0.9999, and P < 
0.0001), it should never be used beyond 15 cm where it 
yielded g(r) function that increased with distance. Such a 
behavior is against common physical knowledge.

In comparison with polynomial functions above order 3, 
Moss and Lliso et al equations both resulted in a less goodness 
of fit (R2 = 0.999 for Moss equation and 0.996 for Lliso et al
equation) [4, 6]. Both Lliso et al and Moss equations produced 
acceptable physical behavior beyond the Monte-Carlo 
simulated distances (see figure 1).

We were very surprised to note that the fitting coefficients 
we obtained using Lliso et al equation differed significantly 
(see table 1) from that published by Lliso et al [6]. These 
differences between our fitting parameters and that published 
by Lliso were further studied. We noted that when the last g(r)
data point (g(15 cm)) was omitted from the fitted data, we 
could obtain fitting parameters close to that published by Lliso 
et al [6]. Furthermore, the omission of the last data point 
improved the goodness of fit. R2 improved from 0.996 to 
0.999 (see table 1). This last notation together with the fact 
that Lliso et all equation tends to produce 6.7 % deviation 
from that of Monte-Carlo data at 15 cm (see figure 2a) made 
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us to conclude that Lliso et al may have omitted this last 
Monte-Carlo data point from his fitting process. The 
coefficients we obtained with omission of 15 cm data 
point was in close agreement with that obtained by Lliso 
et al [6] and indeed produced similar deviation from 
Monte-Carlo data as that obtained with Lliso et al [6]
coefficients along all depths (see figure 2b).
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Fig. 1: a) General behavior of Lliso et al. equation for both our 

generated parameters and that published by Liliso et al., b) General 
behavior of Moss equation beyond 15 cm.
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Fig. 2: Comparison of the performance of our obtained fitting 
parameters with that published by Lliso et al.: a) with inclusion  of  last 
point, b) with omission of g (15 cm) from the fitting process.

The performance of our fitting coefficients (with 
omission of g (15 cm) compared with that of Lliso et al
coefficients [6], was assessed by comparing the generated 
g(r) data of both coefficients with the original Monte-
Carlo data. The APD was calculated using equation (2)
and the results were summarized in figure 2b. Our fitting 
coefficients produced g(r) data that oscillates about that
produced using Lliso et al coefficients [6]. Both fitting 
coefficients (ours and that of Lliso et al.) generated 
physically acceptable g(r) functions at higher distances 
(see figure 1).

B. Effect of number of decimal places

B.1 Effect of number of decimal places on polynomial 
equations:

Figure 3 shows the effect of decimal places (number of 
digits) of different polynomial orders on the MAPD
between Monte-Carlo generated data and that produced 
using different polynomial equations and orders. It is 

clear from this figure that as the number of decimal places was 
increased, the MAPD between Monte-Carlo data and that 
generated using different polynomial equations decreased first 
sharply until it reached a plateau, after which the change in the 
decimal places have no important effect on the absolute % 
difference. It is also clear from figure 3 that as the polynomial 
order was increased the minimum number of decimal places to 
reach the edge of the plateau was also increase. Thus, the 
minimum difference between the Monte-Carlo generated data 
and polynomial generated data can be obtained at higher
polynomial order and the highest possible decimal places.
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Fig. 3 Effect of polynomial order and decimal digits on the maximum 
difference between the Monte-Carlo simulated data and that generated using 
different polynomial equations.

The effect of decimal places can be attributed to the fact 
that as the decimal places was decreased, certain coefficients 
of the polynomial equations tended to zero and as such the 
effect of these coefficients on the fitting equation becomes
negligible. This effect may become so severe such that the 
whole behavior of the fitting equation becomes physically 
unacceptable. Example of such an effect is seen in figure 4 for 
order 4, where the coefficient a4 approached zero at decimal 
place 4 and as a result this equation yielded unacceptable 
physical behavior at this order. The same was also seen for 
orders 5 and 8 where a5 and a8 tended to zero at decimal 
places 4 and 8 respectively.
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Fig. 4 Effect of the change in number of decimal digits on order 4 polynomial 
equation. Note the sudden change in the behavior of the equation at decimal 
digit 4 (D4). The obtained coefficients for this polynomial were: a0= 
0.98063217503369; a1= 0.02307416758083; a2= -0.00576873686429; a3= 
4.02579503285135 ×10-4; a4= -1.53321294938607 ×10-5.
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B.2 Effect of number of decimal places on Lliso and 
Moss equations:

The effect of the selection of number of decimal places 
on both Lliso and Moss equations (see figure 5) was in 
general the same as that of the polynomial equations. The 
MAPD between Monte-Carlo data and that generated by 
either Lliso et al or Moss equation decreased with the 
increase in number of decimal places until it reached a 
plateau where no further improvement could be attained 
by increasing the number of decimal places. The plateau 
was reached earlier (at 4 decimal place) with Moss 
equation than with Lliso et al equation, where the plateau 
was reached at 7 decimal place.

It is worth mentioning that the pattern of MAPD of 
Moss equation slightly differ from that of Lliso and 
polynomial equations where the MAPD start low at 1 
decimal place and then increases to a maximum of about 
400 at decimal place 2 and then decrease gradual to reach 
plateau at 4 decimal place.

As mentioned above, these changes of the APD with 
the selection of decimal places are attributed to the effect 
of the decimal places on the importance of different 
coefficients of different equations. As the number of 
decimal places is altered, the importance of different 
parameters may increase or decrease. As an example, 
when the decimal places was set to 4 with Lliso et al
equation [6], the j coefficient tends to zero and this 
worsened the calculated APD. As discussed above, this 
effect of decimal number is also applicable to all other 
equations.        
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Fig. 5 Effect of the selection of number of decimal digits on: a) Lliso et 
al. equation, b) Moss equation.

IV. CONCLUSIONS

We have studied and assessed different g(r) fitting 
equations of Varian 192Ir source (VariSourse model 
VS2000). Polynomial equations of order 4 and above 
produced the best fit and the minimum % deviation from 

Monte-Carlo simulated data. The selection of the highest 
possible decimal places produced the minimum % difference. 
Although, polynomial order 9 with minimum 13 decimal 
places produced the minimum % deviation from the Monte-
Carlo simulated data, it's use must be limited to a depth of 15 
cm. Provided, accurate selection of the decimal places, all 
polynomial orders produce an acceptable % differences (less 
than 2%). The minimum decimal places to be select for 
polynomial orders from 3 to 9 were: 6, 7, 8, 9, 11, 12, and 13
respectively. Moss and Lliso et al equations [4, 6] were both 
found to be inferior to all polynomial equations above order 3 
and produced higher % differences along all decimal places as 
seen in table 2. It is also very important to note that the 
selections of the number of decimal places have severe effect 
on the general behavior of the fitting equation and the 
maximum % difference from Monte Carlo simulated data.

Table 2 Comparison of maximum % absolute differences of different g(r) 
fitting equations.

Equation No. of Dec. Digits Maximum error (%)
Poly. Order 9 13 0.3
Poly. Order 8 12 0.4
Poly. Order 7 11 0.5
Poly. Order 6 9 0.6
Poly. Order 5 8 0.9
Poly. Order 4 7 0.8
Poly. Order 3 6 1.4
Moss Equ. 4 1.2
Lliso et al Equ. 
(Our parameters)

6 2.3

Lliso et al Equ. 
(Lliso parameters)

6 6.7

REFERENCES

1. Nath R, Anderson L.L, Luxton G et al. (1995) Dosimetry of 
interstitial brachytherapy sources: Recommendations of the AAPM 
Radiation Therapy Committee Task Group No. 43. Med. Phys. 22: 
209-233

2. Rivard M J, Coursey B M DeWerrd L A et al (2004) Update of 
AAPM task Group No. 43 Report: A revised AAPM protocol for 
brachytherapy dose calculations. Med. Phys. 31: 633-674

3. Anderson L L,  Nath R, Weaver K et al. (1990) Interstitial 
Collaborative working Group (ICWG), in Interstitial 
Brachtherapy: physical, Biology, and Clinical Considerations 
(Raven Press, New York)

4. Moss D C (2000) Technical note: Improved analytical fit to the 
TG-43 radial dose function g(r). Med. Phys. 27: 659-661

5. Angelopoulos A, Baras P, Sakelliou L (2000) Monte Carlo 
dosimetry of a new 192Ir high dose rate brachytherapy source. Med. 
Phys. 27: 1-7

6. Lliso F, Perez-Calatayud J, Carmona V (2003) Technical note: 
Fitted dosimetric parameters of high dose-rate 192Ir sources 
according to the AAPM TG43 formalism. Med. Phys. 30: 65-654

  
 IFMBE Proceedings Vol. 25  

896 A.M. Outif and A.A. Elawadi
 



O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/I, pp. 897–899, 2009. 
www.springerlink.com 

On the Use of a Light Ion Kernel for Biologically Optimized Adaptive Inverse 
Treatment Planning 
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Abstract—On the use of specifically defined particle 
pencil beam kernels, a theory for determining a biologi-
cal response in a small treatment volume using multiple 
incident beams of heterogeneous dose distribution char-
acter is presented. The simple theory in combination 
with analytical transport methods for light ions could be 
useful for fast calculations in the biologically optimized 
adaptive inverse treatment planning process.  

Keywords—Light ion transport, biologically optimized 
adaptive inverse treatment planning, pencil beams,  radiation 
quality distribution. 

I. INTRODUCTION  

Improvements in dose delivery have a key role in the de-
velopment of radiotherapy of cancer and can significantly 
improve the therapeutic outcome. Developments in target 
definition such as molecular and functional imaging allow  
more accurate determination of doses needed to achieve a 
prescribed tumor control level [1-6].  

The physical and biological selectivity through increased 
absorbed dose, LET (Linear Energy Transfer) and RBE 
(Radio Biological Effectiveness) towards the end of the 
particle range make light ions ideal tools for use in radiation 
therapy [7]. The success in the application of such beams in 
radiation therapy is largely determined by their accurate 
integration in the treatment planning system. 

A correct handling of the more heterogeneously distrib-
uted dose deposit of the light ions and other beam modali-
ties increase the potential  for tumour eradication with doses 
that simultaneously allow preservation of the normal tissue 
function compared to the conventional beams alone.  

On the use of specific defined particle pencil beam ker-
nels a theory for determining a biological response in a 
small treatment volume using multiple incident beams of 
heterogenic dose distribution character is presented. The 
present theory using analytical transport methods for light 
ions could be useful for fast calculations in the biologically 
optimized adaptive inverse treatment planning process with 
multiple incident beams, to better match the structure of the 
tumour and normal tissue during the course of irradiation 

and there through contribute to an improved accuracy of the 
dose and biological effect delivery.  

II. THEORETICAL RESULTS 

Let B  be an arbitrary biological response model given by; 

)( 11 xjni QafB ,..,. , === ,                            (1) 

where ia  are here tumor conditions related parameters of 
number n,  and  jQ physicals quantities of number x.  

Furthermore, let jQ   be a function of  mQ  so that 

∑=
m

m
j QfQ )()(r     .                          (2) 

where )(rjQ  is a generalized physical quantity distribution 
at a point defined by the coordinate vector r  in the patient 
and mQ a physical quantity of particle of type m. Let further 

mQ  be a specified pencil beam kernel such as  m
hD  and 

m
lD  where the latter is given by;  

))(())((

d))d(()(

))((

4 0

rρ,r,,Ω,,rρ,r,,Ω,,

Ωrρ,r,,Ω,,

rρ,r,,Ω,,

Ω,

GKE
ρ

GKEL

EGKEΦE
ρ

L

GKED

m
l

m
l

E
m
E

m
l

m
l

c

Φ=

=

=

∫∫ ∫
π

μμμ μμ

(3) 

where ))(( rρ,r,,Ω,, GKED m
l  describes the absorbed 

dose comprised of only low (l) energy components of parti-
cle type m at a point defined by the coordinate vector r  in 
the patient, for a given initial energy E , initial direction Ω  
and initial beam profile parameter K at a point ρ on the 
patient surface.  Here the sequence of patient geometries is 
given by )(rG [8].  
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In Eq. (3) ))(( rρ,r,,Ω,,Ω, GKEΦm
E μμ

defines the flu-

ence differential in energy, μE  and solid angle, μΩ , for a 

given energy cEE <μ  .Here cE  is the selected cut off 
energy for a given low and high LET limit. 

The ))(( rρ,r,,Ω,, GKEL
m
l and ))(( rρ,r,,Ω,, GKEm

lΦ , 
are the mean stopping power, (mean LET) and fluence of 
particles of energies cEE <μ  at a point defined by the co-
ordinate vector r  in the patient for the mentioned parame-
ters. In the case when the stopping power is increasing with 
decreasing energy, such as for light ions in therapeutic ener-
gies cf. [9], ))(( rρ,r,,Ω,, GKED m

l  in Eq. (3) could 
then be related to the dose comprised of high LET compo-
nents, such as in the case of primary Li ions  in the Bragg 
peak region of a therapeutic 7Li ion beam, cf. [10]. 

Furthermore, m
hD  could be defined by; 
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where ))(( rρ,r,,Ω,, GKED m
h  describes the absorbed 

dose comprised of only high (h) energy components of 
particle type m at a point defined by the coordinate vector 
r  in the patient, for a given initial energy E , initial direc-
tion Ω  and initial beam profile parameter K at a point ρ on 
the patient surface. The sequence of patient geometries is 
given by )(rG  . 

In Eq. (4) ))(( rρ,r,,Ω,,Ω, GKEΦm
E μμ

defines the flu-

ence differential in energy, μE  and solid angle, μΩ , for a 

given energy cEE >μ  .Here cE  is the selected cut off 

energy for a given low and high LET limit and MaxE  is the 
maximum energy in the energy spectra. 

The ))(( rρ,r,,Ω,, GKEL
m
l and ))(( rρ,r,,Ω,, GKEm

lΦ , 
are the mean stopping power and fluence of particles of 
energies cEE >μ  at a point defined by the coordinate 
vector r  in the patient for the mentioned parameters. In the 
case of energy and stopping power relation for light ions at 

therapeutic energies cf. [9], ))(( rρ,r,,Ω,, GKED m
h  in 

Eq. (4) could then be related to the dose comprised of low 
LET components, such as such as  hydrogen fragments, in a 
light ion beam cf. [10-11]. 

For a patient geometry composed of many small treat-
ment voxels the physical quantities, can generally be ex-
pressed in vector and matrix or tensor notations such as 

Qrρ,r,,Ω,, →))(( GKEQm . 

For known tumor conditions-related parameters ia  and 
in use of specified pencil beam kernels cf. Eqs. (3) and (4), 
a biological response B, as given by Eq. (1), in a small treat-
ment volume can then be determined for a treatment with 
multiple incident beams of heterogenic dose distribution 
character, such as light ions. 

Fig. 1 illustrates a specified depth dose kernel that could 
be used in the calculation process of an arbitrary biological 
response. 

 
Fig. 1 Results of an analytical derived depth absorbed dose and radiation 
quality distribution (< 10 eV/nm) of the primary particles in a β+ projectile 
8B ion beam of an initial mean square radius  )0(2r  of 5 mm in soft 
tissue 

The analytical absorbed dose distribution was calculated 
based on recently developed theories for energy-range, 
multiple scattering, fluence and absorbed dose relations 
[9,12-13]. In use of positron emitting light ion beams such 
as 8B and 11C and PET/PET-CT imaging the analytical dose 
kernels could also be useful for the treatment verification. 

III.   CONCLUSIONS 

A simple theory based on specified pencil beam kernels 
was developed for determining a biological response in the 
use of multiple incident beams of heterogenic dose  
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distribution character. The theory in combination with ana-
lytic transport methods for light ions can be useful for fast 
adaptive approaches in the biologically optimized inverse 
treatment planning process. A correct handling of the more 
heterogenic dose distribution given by the light ions and 
their transport increase the potential to better match the 
structure of the tumour and normal tissue during the course 
of irradiation and should therefore result in more accurate 
dose delivery and biological effect in the biologically opti-
mized radiation treatment.  
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Abstract—Treatment plans optimized for intensity modu-
lated proton therapy (IMPT) may be very sensitive to setup 
errors, range uncertainties and dose calculation errors. To 
mitigate the adverse effect of range and setup errors, uncer-
tainty can be accounted for in the formulation of the IMPT 
optimization problem via stochastic or robust programming 
techniques. Dose calculation accuracy can be improved by 
applying Monte Carlo algorithms or pencil beam algorithms 
with sub-pencil beam decomposition. However, the costs for 
the improved accuracy are larger calculation times, especially 
in case of Monte Carlo. For two paraspinal cases, we show that 
dose calculation errors can lead to severe degradation of the 
dose distribution. We further demonstrate that there is an 
interrelation between different types of errors: a treatment 
plan which is made robust against range and setup errors, is 
typically less sensitive to dose calculation errors as well. 

Keywords—IMPT optimization, range uncertainty, setup 
error, dose calculation error. 

I. INTRODUCTION  

Treatment plans optimized for IMPT have been shown to 
be sensitive to various types of errors including range er-
rors, setup errors and dose calculation errors [1,2]. In order 
to mitigate the adverse effects of range and setup errors, 
different treatment plan optimization algorithms have been 
devised, including stochastic and robust programming tech-
niques [3,4,5]. These methods typically achieve more robust 
treatment plans by redistributing the dose contributions 
among the incident beam directions. For example, to reduce 
the sensitivity against range errors, pencil beams stopping 
directly in front of the spinal cord are avoided. 

Dose calculation errors are mainly addressed through 
improved dose calculation algorithms. Those include 
Monte-Carlo methods and advanced pencil beam methods 
using sub-pencil beam decomposition to account for lateral 
heterogeneities in the patient [6]. 

In this paper, we present a case study for two paraspinal 
tumors. One case features metal implants, the other does 
not. For these two cases, we address questions regarding the 

relative importance of errors, and also their interrelation. 
We demonstrate that  

• generic pencil beam algorithms (without sub-pencil 
beam decomposition) may cause severe dose calcula-
tion errors (especially in the presence of metal im-
plants). These errors may be larger than errors resulting 
from range/setup errors. 

• by using robust optimization techniques to make plans 
insensitive to range/setup errors, we also mitigate the 
effect of dose calculation errors. However, the residual 
errors still strongly suggest the use of advanced, accu-
rate dose calculation algorithms.  

• using inaccurate dose calculation may suggest mislead-
ing quantitative results when assessing the dosimetric 
effects of range and setup errors in plan evaluation 
studies. 

II. MATERIAL AND METHODS  

A. Clinical Cases 

We consider two paraspinal cases (see figure 1). In both 
cases, the tumor entirely surrounds the spinal cord which is 
to be spared. One of the patients exhibits metal implants, the 
other patient does not. 

 
Fig. 1 Geometry of the two paraspinal cases. The contours show the CTV 
(red), the spinal cord (orange) and the esophagus (green) 
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B. Dose Calculation 

Dose calculation was performed with the treatment plan-
ning system Hyperion using a pencil beam algorithm [6] 
with the sub-pencil beam decomposition approach to ac-
count for lateral heterogeneities. We compare two instantia-
tions of this algorithm: for the simple dose calculations 
(called generic pencil beam below), no sub-pencil beam 
decomposition is performed, i.e. ray-tracing occurs only on 
the central axis. For accurate dose calculations, a pencil 
beam is decomposed into 121 sub-pencil beams. The accu-
racy of this method compared to Monte Carlo has been 
assessed previously [7].  

We assume a 5 mm sigma of the parallel Gaussian pencil 
beam at patient surface. For treatment planning, we assume 
the 3D spot scanning technique. Pencil beams are placed on 
a regular grid with 5 mm resolution in both lateral directions 
and in depth (i.e. we use energy layers corresponding to 5 
mm difference in water equivalant range). 

C. Treatment Planning 

Treatment planning is performed using the tool opt4D 
developed at Massachusetts General Hospital. The software 
allows the incorporation of range and setup uncertainties by 
optimizing the expected value of an objective function 
(where the expectation is taken over the possible range and 
setup error realizations). The method is described in detail 
in [5].  

Throughout the result section, a plan optimized without 
accounting for range/setup errors is referred to as a  conven-
tional plan. A plan optimized for range/setup errors is called 
a robust plan. For both plan optimization and evaluation, 
we assume a range uncertainty of 5 mm standard deviation 
for all pencil beams and a gaussian setup error of 2.5 mm 
standard deviation in all 3 dimensions. 

For both patients, we use 3 beam directions at 0° and 
±45°. Treatment plan optimization is based on a quadratic 
objective function. The prescribed dose to the CTV is  
68.4 Gy and the spinal cord dose was supposed to be below 
50 Gy.  

The reader is referred to [5] for more information regard-
ing details of the uncertainty model, the objective function 
and the optimization algorithm1. 

D. Error Discrimination 

Dose calculation errors refer to dose differences between 
the generic pencil beam and the sub-pencil beam method. 
                                                           
1 The patient with metal implants is identical to the patient ana-

lysed in [5] and we adopt the same set of parameters for this 
study (see [5], chapter 3). For the patient without metal implants, 
the planning is performed analogously. 

These errors may, to a large extent, originate from range 
differences of the sub-pencil beams, however in this paper 
we refer to those as dose calculation errors. Range errors, in 
contrast, refer to systematic changes in range of all sub-
pencil beams, which could e.g. result from weight gain/loss.  

III. RESULTS  

A. Range and Setup Errors 

Conventional IMPT treatment plans may be sensitive to 
range and setup errors. This is exemplarily demonstrated in 
figure 2 (blue dotted lines) for the patient with metal im-
plants. An IMPT treatment plan was optimized without 
accounting for range and setup uncertainty2. Robustness of 
the plan is assessed by randomly sampling range and setup 
errors from the assumed error distributions and evaluating 
the resulting dose distribution. The sample DVHs show the 
range of potential plan degradation through spinal cord 
overdosing and CTV underdosing. 

 
Fig. 2 Sensitivity analysis of two plans for the patient with metal implants. 
Shown are DVHs for CTV and spinal cord for randomly sampled errors: 
conventional (blue dotted lines) and robust plan (red solid lines) 

B. Robustifying against Range and Setup Errors 

The adverse dosimetric effects of range and setup errors 
can be greatly reduced by incorporating these errors into 
plan optimization through stochastic programming tech-
niques. The red solid lines in figure 2 show the range of 
plan degradation for the robust treatment plan. A detailed 
analysis of how to achieve robustness against range and 
setup errors can be found in [5]. 

                                                           
2 Using the sub-pencil beam dose calculation algorithm. 
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Fig. 3 Dose calculation errors for the patient with metal implants. See text 
in sections III C and III D  for details. For comparison, the faded lines 
show the range/setup error effect from figure 2 

C. Dose Calculation Errors 

Figure 4 shows a conventional treatment plan for the pa-
tient with metal implants, optimized based on the generic 
pencil beam algorithm. Figures 4a and 4b show the cumula-
tive dose distribution and the contribution of the 0° beam, 
respectively3.  

The simplified dose calculation alone introduces substan-
tial differences between the planned dose distribution and 
the actual dose distribution. If the dose distribution is recal-
culated using the sub-pencil beam decomposition, substan-
tial underdosage of the anterior part of the tumor becomes 
apparent (figure 4c). Figure 4d shows the accurately recal-
culated dose contribution of the 0° beam. The metal im-
plants within the CTV cause substantial degradation of the 
shape of individual pencil beams, which is not accounted 
for by the generic pencil beam algorithm.  

Figure 3 (blue dash-dotted line) shows the corresponding 
DVHs for CTV and spinal cord4. For this patient, the effects 
of dose calculation errors on CTV coverage are more severe 
than the effects of range and setup errors. The dose in sub-
stantial parts of the CTV drops below 50% of the prescribed 
dose. Hence, in the presence of metal implants, accurate 
dose calculation is essential.  

Figure 5 (blue dash-dotted line) shows the corresponding 
result for the patient without metal implants. There is still 
substantial degradation of CTV coverage due to dose calcu-
lation errors, however the effects are smaller compared to 
the patient with metal implants. For this case, range and 
setup errors may have a larger impact on plan quality than 
dose calculation errors. However, this of course depends on 
the assumed magnitude of range and setup uncertainty, 
which is not very well supported by experimental data. 
                                                           
3 For the nominal scenario, i.e. no range or setup error. 
4

 For the nominal case, recalculated with the sub-pencil beam 
algorithm. 

 

Fig. 4 Conventional treatment plan optimized based on a generic pencil 
beam dose calculation: figures (a-b) show dose distributions predicted by 
the generic pencil beam algorithm; figures (c-d) show the same plan recal-
culated with the accurate method 

D. Mitigating Dose Calculation Errors 

Next, we consider a robust treatment plan optimized for 
the patient with metal implants, using the generic pencil 
beam algorithm, and incorporating range and setup errors. 
Figure 3 (red solid line) shows the DVH of the plan recalcu-
lated with the accurate sub-pencil beam decomposition 
method5. It is apparent that the plan that is made robust 
against range and setup errors is also less sensitive to dose 
calculation errors (comparison to the dash-dotted blue line). 

The result is intuitive. For example, accounting for setup 
errors in the optimization aims at mitigating the effects of 
misaligned metal implants due to setup errors, which may 
lead to overshoot or undershoot of a pencil beam if a high 
density structure moves into or out of its path. Hence, it also 
tends to protect against cases where one part of a pencil 
beam passes through the implant and the other part does 
not. The latter is a major course of errors due to inaccurate 
dose calculation. 

Although the effects of dose calculation errors are re-
duced by accounting for range and setup uncertainty, accu-
rate dose calculation seems to remain crucial. The yellow 
dashed line in figure 3 shows the DVH for the plan that is 

                                                           
5 for the nominal scenario, i.e. no range or setup error. 
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optimized for range and setup errors using the accurate dose 
calculation. CTV coverage is better than for the plan opti-
mized with the generic pencil beam method. 

Figure 5 shows the DVH plan comparison for the patient 
without metal implants. As expected, the effects are quanti-
tatively reduced, nonetheless the results are qualitatively the 
same. 

 

Fig. 5 Dose calculation errors for the patient without metal implants. See 
text in sections III C and III D for details. For comparison, the faded lines 
show the range/setup error effect in analogy to figure 2 

E. Erroneously Estimating the Effect of Range and Setup 
Errors Due to Dose Calculation Errors 

Dose calculation errors during plan optimization and 
evaluation may also lead to a wrong estimation of the ef-
fects of range and setup errors. This is illustrated in figure 6, 
which shows DVHs for CTV and spinal cord for randomly 
sampled range/setup errors. We compare two plans: a con-
ventional plan both optimized and evaluated with the ge-
neric pencil beam method (blue dotted lines) and a conven-
tional plan both optimized and evaluated with the sub-pencil 
beam method (red solid lines). For example, the degradation 
of CTV coverage appears more severe for the generic pencil 
beam plan compared to the sub-pencil beam plan.  

In the generic pencil beam method, the distal edge of a 
pencil beam is very sharp, whereas it is more diluted for the 
sub-pencil beam method in heterogeneous media. For ex-
ample, the dosimetric effect of range errors strongly de-
pends on the steepness of dose gradients within the beam 
direction. Consequently, the observation that the generic 
pencil beam algorithm suggests overestimated effects of 
range/setup errors appears intuitive.  

 
Fig. 6 Estimated effect of range/setup errors based on the generic pencil 
beam (blue dotted lines) and the sub-pencil-beam algorithm (red solid 
lines) 

IV. CONCLUSIONS 

We demonstrate that dose calculation errors may lead to 
substantial degradation of target coverage, making ap-
proaches to reduce such effects necessary. We demonstrate 
for two paraspinal cases that plans that are made robust 
against range and setup errors tend to be more robust 
against dose calculation errors as well. However, the re-
maining errors may make accurate dose calculation algo-
rithms still highly desirable. 
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Abstract—4D-CT is frequently used to delineate tumors and 
account for their motion. Current methods to generate the 
PTV do not take full advantage of the 4D image data. After 
expansion from ITV to PTV, the 4D information about the 
specific volume occupied by a tumor in any given respiratory 
phase is partially lost. Therefore, the planning process does not 
differ from the conventional 3D one. The 4D dosimetry ap-
proach introduced here uses a different method to delineate a 
PTV (“IPTV”), which carries all of the 4D information into the 
planning process. This motion-weighted IPTV allows genera-
tion of motion-weighted DVHs.   The GTV is expanded to a 
CTV and PTV on each individual respiratory phase and a 
union of all the PTV’s forms the IPTV. Different sub-volumes 
of the IPTV are assigned different importance in treatment 
planning. Volumes occupied by the PTV throughout the entire 
respiratory cycle receive higher dosimetric priority than those 
occupied by the PTV for only a fraction of the time. Coordi-
nates of the center-of-mass of each PTV are used to calculate a 
motion vector for each phase. A novel fast contour-based vol-
ume deformation algorithm is introduced to establish voxel 
correspondence in the contoured volumes. The motion vectors 
and the voxel correspondence matrix are used to generate 
motion-weighted dose from the 3D dose distribution. The same 
process is applied to normal structures.  Motion-weighted 
DVH differs from 3D DVH for both target volumes and nor-
mal structures. Reducing coverage to volumes of high PTV 
occupancy has a larger negative effect on the target DVH 
compared to reducing coverage to the regions of low occu-
pancy.   With the proposed ITV to IPTV expansion method 
and weighting the dose with motion, 4D dosimetry can be used 
to generate more realistic DVH’s of mobile structures using 
current treatment planning systems. 

Keywords—4D treatment planning, dose-volume histogram, 
tumor motion. 

I. INTRODUCTION  

Proposals exist for four-dimensional (4D) treatment plan-
ning using 4D CT images [1-4]. Many of them require the 
use of deformable image registration to map doses from CT 
scnas of the individual respiratory phases. However, this is 
computationally intensive and not available in commercial 
treatment planning systems,. The 4D CT is used to delineate 
the planning target volume (PTV) accounting for tumor 
motion [5, 6]. Most commonly, the gross target volume 
(GTV) is contoured on the individual phase CT images and 

the union of the GTVs on all the phases is called the internal 
gross target volume (IGTV). The IGTV is further expanded 
to the internal target volume (ITV) [7] with clinically ap-
propriate margin. Finally, the ITV is expanded to create the 
planning target volume (PTV). Another way to generate a 
PTV from 4D CT images is to use the maximum intensity 
projection (MIP) technique [8]. These PTV generation  
techniques are available in many commercial CT software 
packages. 

The traditional method to delineate PTV described above 
does not fully utilize the advantage of the 4D CT image 
data. The expansion from IGTV to ITV to PTV is rooted in   
the legacy 3D planning techniques based on static CT data. 
After the expansion, the 4D information is lost, and the 
planning process does not differ in principle from static 3D 
planning.   

We propose a different way to delineate the PTV, which 
preserves the 4D information throughout the planning proc-
ess. This approach makes it possible to generate motion 
weighted dose volume histograms (mwDVH). To that end, 
it was also necessary to develop a fast contour-based  
volume deformation algorithm to establish the voxel corre-
spondence between the target volumes contoured on differ-
ent phases.  

Treatment plans were generated with the conventional 
and the proposed methods and compared for four lung can-
cer cases with different tumor sizes and motion ranges. 

II. METHODS 

A. PTV and Normal Structure Generation 

First, the GTV is contoured on each of the respiratory 
phases in the conventional manner. However, instead of 
generating the union of the GTVs across the phases, we 
expanded the GTV to CTV and to PTV on each individual 
phase, and then made a union of all the PTVs. This union is 
the new IPTV. Fig. 1 demonstrates the difference between 
the new method and the conventional one. Only two respira-
tory phases of CT images are illustrated for clarity. The 
IPTV contains two distinct sub-volumes. The overlapping 
part (IPTV100) is the volume that is always occupied by the 
PTV, while the rest (IPTV50) is occupied by the PTV 50% 
or less time during the respiratory cycle. 
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Fig. 1 Illustration of the difference between “traditional” 4D contours (top) 
and the proposed methodology (bottom). The 4D information is inherent 
within the motion weighted IPTV while it is absent in the conventional 
PTV 

The same approach can be applied to normal structures to 
generate motion-weighted PRV (mwPRV). 

B. Treatment Planning and Motion Weighted DVH 

Different sub-volumes of the IPTV are assigned different 
importance in treatment planning, based upon the propor-
tion of the respiratory cycle during which the sub-volume is 
actually occupied by the PTV. For example, the prescribed 
isodose coverage to IPTV100 can be set at 100% while to 
IPTV it can be relaxed to, say, 95%.if it helps to spare nor-
mal structures 

Treatment plans were generated retrospectively using the 
XiO® planning system (Version 4.34.02.1, CMS, Inc, St. 
Louis, MO, USA) with an Oncor linear accelerator (Sie-
mens Medical Solutions USA, Inc. Malvern, PA, USA). 
Two plans were generated for each case, with dose coverage 
priority varied, one to preferentially cover the “high  
occupancy regions” of the IPTV and the other one to prefer-
entially cover the low occupancy regions. This priority 
variation was purposely made to demonstrate differences in 
the mwDVHs. The mwDVH is also compared to the con-
ventional DVH for each case. 

The 3D dose distribution was first calculated for the PTV 
on the average CT image set and this plan was then mapped 
onto the  IPTV and mwPRV to generate the mwDVH. Co-
ordinates of the center-of-mass for each PTV were used to 
calculate motion vectors between phases as the structure 
moved throughout the respiratory cycle.  

Because the various volumes also deform across the res-
piratory cycle, assumption of rigid body motion was re-
laxed. To do so, each PTV or structure was divided into 
multiple slices as shown in Fig. 2. The center of mass of the 
volume was set as the origin of the spherical coordinate 
system The 2π angle on the XY plane is divided equally 

into m sections, with a section value θ: m× θ = 2 π. The 
angle with Z axis (π) is divided into n sections equally, with 
a section angle φ: n× φ= π. Thus the contoured volume is 
divided into m×n sections.  

 

Fig. 2 The center of mass is the origin of the volume division. The division 
is performed in a spherical coordinate system, resulted in multiple radial 
sections. The radii ratio, calculated from the volume ratio of the 
corresponding sections, determines the radial direction 
expansion/compression. As the volume in this figure deforms from left to 
right, r1 increase while r2 decreases 

The volume of each section is calculated from the di-
vided contoured volume, and the radius of each section is 
determined from the corresponding sectional volume. The 
ratio of the corresponding radii determines the expansion or 
compression of the section in the radial direction. In Fig. 2, 
when the left volume deforms to the right one, r1 expands 
while r2 compresses. If m and n are large enough, a smooth 
deformation can be obtained.  

 
Fig. 3 A transaxial view of PTV at different phases (A, B and C) divided 
into 16 (upper row) and 32 (lower row) angular sections in θ. Finer angular 
resolution provides smoother deformation 



906 G.G. Zhang et al.

 

  
 IFMBE Proceedings Vol. 25  

 

In this study, m=32 and n=20 were used, and each con-
toured volume was deformed with 640 factors. Fig. 3 dem-
onstrates the effect of θ on target deformation across various 
respiratory phases. 

The voxel-to-voxel correspondence between the con-
toured volumes in the consecutive phases is determined by 
the motion vector and the deformation of the volumes. The 
voxel path determines the motion-weighted dose based on 
the 3D dose distribution calculated by the treatment plan-
ning system.  

The accuracy of approximation was investigated when 
only using two phases of the 4D CT data set. 

III. RESULTS  

A. IPTV 

A complete 4D CT image set usually consists of multiple 
phases, often 10, of 3D CT scans. If all the phases are used 
in the motion-weighted planning method, the IPTV would 
consist of multiple sub-regions: IPTV100, IPTV90 …, 
IPTV10, with the IPTV100 corresponding to a sub-volume 
occupied by the PTV 100% of the time while the IPTV10 
would be occupied by the PTV 10% of the time.  

 
Fig. 4 Motion-weighted IPTV incorporating different numbers of respira-
tory phases. The IPTV100, which is the volume occupied by the PTV 
100% of the time during the respiratory cycle, is the same if all ten phases 
are used or only two extreme phases are used. Due to the relatively smaller 
volumes of sub-IPTV of other weightings, precedence is given to the 
IPTV100 in treatment planning 

Fig. 4 is an example of the motion-weighted IPTV with 
different number of respiratory phases incorporated. As 
long as the two extreme respiratory phases are included, the 
volume of the IPTV100, which is the volume occupied by  
 

the PTV all the time, should be the same regardless of the 
number of phases used. The volume ratio of IPTV100 to 
IPTV depends on the tumor size and motion range. In the 
extreme example in Fig. 4, the PTV volume is 400 cm3, the 
motion range is 2.4 cm, the ratio of IPTV100 to IPTV is 
33.2%, and the volume ratios of the other IPTV weighting 
volumes are between 0.1% and 15.6%. With smaller motion 
range, the IPTV100 volume ratio is greater.  

Due to relatively smaller volume ratios of IPTV weight-
ings other than 100%, it is reasonable to give precedence to 
the IPTV100 in the treatment planning process and assign a 
lower precedence to the other IPTV sub-volumes, which 
simplifies the planning process.  

B. Motion-Weighted DVH 

Motion-weighted DVH curves were generated and com-
pared with the conventional DVH. (Fig. 5). The dosimetric 
difference is more pronounced in normal structures due to 
the greater dose gradients within them. 

  
Fig. 5 MwDVH are compared to conventional DVH’s for the PTV and 
normal structures for a right lower lobe lung cancer sitting atop the dia-
phragm. Only two extreme phases of the respiratory cycle were incorpo-
rated in these motion-weighted dose calculations 

The dose-volume coverage for IPTV100 and the rest of 
the IPTV was reduced on purpose by the same percentage, 
to evaluate the effect on the motion-weighted DVH. Fig. 6 
shows that the selective reduction of coverage to the 
IPTV100 has a more pronounced negative effect on the 
target DVH. It is also evident in Fig. 6 that using only  
the two extreme phases of the respiratory cycle in the mo-
tion-weighted DVH calculation is a good approximation to 
the results obtained when incorporating all ten phases.  
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Fig. 6 Dose-volume reduction on IPTV100 is compared with it on the rest 
of IPTV. The reduction on IPTV100 worsens the DVH more. Approxima-
tion of using two extreme phases is compared with full ten-phase motion- 
mwDVHs for the PTV and liver doses.. Motion-weighted DVHs using only 
the two extreme phases approximate the curves incorporating all 10 phases 

IV. DISCUSSION 

Deformable image registration is helpful when multiple 
phases of 4D CT data are used in the motion-weighted 
planning to map contours over the 4D CT [9]. Since it is not 
commercially available and requires significant additional 
effort and time, deformable image registration is currently a 
barrier to clinical implementation of full 4D dosimetry in 
treatment planning. When only 2 or 3 phases are used in the 
motion-weighted planning, manual contouring would be 
more convenient and practical. The avoidance of deform-
able image registration in our novel motion-weighted 4D 
planning approach is a major advantage, since this method 
is easy to implement in current planning systems. However, 
some sort of the volume deformation is still necessary. The 
new algorithm introduced in this work is simple yet fast and 
can be implemented in a TPS much easier than deformable 
image registration. Strictly speaking, true 4D dosimetry 
requires deformable image registration to map dose distri-
butions from different respiratory phases, voxel-to-voxel. 
The simplicity of our method stems from the fact that at its 
core it is still a 3D static dose calculation, but with the con-
sideration given to the weighting variations due to the target 
and normal structure motion.  

V. CONCLUSIONS  

By altering the ITV to PTV expansion methodology and 
weighting the dose with motion, more realistic 4D do-
simetry can be achieved with relatively minor modification  
 

to current planning systems. This method is significantly 
less labor-intensive than standard deformable image regis-
tration techniques. 
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Abstract—Many studies have been performed to assess corre-
lations between measures derived from dose-volume histograms
and late rectal toxicities for radiotherapy of prostate cancer. The
purpose of this study was to assess correlations between mea-
sures describing the shape and location of the dose distribution
and different outcomes.

The dose to the rectal wall was projected onto a two-
dimensional map. In order to characterize the dose distribu-
tion, the centre of mass, longitudinal and lateral extent, and
eccentricity of the dose-distribution were calculated at differ-
ent dose levels. Furthermore, the dose-surface histogram (DSH)
was determined. Correlations between these measures and rec-
tal bleeding and loose stools were quantified using maximally
selected standardized Wilcoxon rank statistics. The analysis was
performed using data from the RT01 trial (ISRCTN 47772397).

Rectal bleeding was most strongly correlated with lateral ex-
tent. For loose stools the strongest correlations were found for
longitudinal extent.

Outcomes are more strongly correlated with the shape of the
dose distribution than simple DSHs. The strengths of these cor-
relations differed considerably between the different endpoints.
Therefore it is desirable to use shape-based tools in order to as-
sess the quality of a dose distribution.

Keywords—Radiotherapy, rectal toxicity, Dose-response.

I. INTRODUCTION

Many attempts have been made to model relationships be-
tween the dose delivered to an organ at risk and radiation-
induced complications. The three-dimensional dose distribu-
tion is summarized in a dose-volume histogram (DVH) or a
dose-surface histogram (DSH), which is then reduced to one
single number. Usually the dose delivered to an organ is de-
scribed by a measure such as the mean dose, the volume receiv-
ing more than a threshold dose d (Vd) or the equivalent uniform
dose (EUD). Univariate or multivariate statistical analysis can
be used to find correlations between this summary measureand
late complications.

Several authors [1,2] have pointed out the problems that
occur using DVH-based methods to model the dose response

for late rectal toxicity. First, there are strong correlations be-
tween different summary measures such as V30 and V60 so
that it is hard to single out the summary measure with the
strongest correlation. Second, all spatial information is gen-
erally lost when using DVHs or DSHs. Tucker et al [1] have
suggested the use of cluster models which are based on the
hypothesis that the complication probability depends on the
size of clusters of damaged tissue. More recently, Gianolini
et al [3] and Munbodh et al [4] suggested extracting spatial
features from dose-surface maps (DSMs) and test correla-
tions with rectal toxicity. However, no detailed analysis as-
sessing the type of relationships between spatial features and
outcomes has been performed to date.

The purpose of this work is to identify geometrical fea-
tures which describe the spatial distribution of the dose to the
rectal wall and assess associations with loose stools and rectal
bleeding.

II. MATERIALS AND METHODS

A. Patient Cohort

This analysis was based on data from the MRC RT01 mul-
ticentre randomized controlled trial (ISRCTN 47772397). In
this trial, 843 men with localised prostate cancer were treated
with 3D conformal radiotherapy, 421 with a prescribed stan-
dard dose of 64 Gy, 422 with an escalated dose of 74 Gy; all
patients had a minimum follow-up of a 2 years. Further de-
tails about the implementation and first results of the trial can
be found in [5] and [6] respectively. Planning data were avail-
able for a subgroup of 388 patients [7]. In the present analysis,
dosimetric effects of rectal bleeding (RMH grading scheme)
and loose stools (LENTSOM grading scheme) were consid-
ered separately. In the conventional DVH-analysis of the trial a
3 grade scheme was used for all toxicities to bring together the
different grading schemes [7]. This common grading scheme
was also used in this analysis. Only patients who were free of
the respective complication before treatment were considered.
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Toxicity was defined as the highest grade reported during the
follow-up.

B. Characterization of the Spatial Distribution

The basis for the investigations presented in this study was
a set of DSMs of the rectum which reflect the dose delivered
to the surface of the rectal wall. They were constructed by vir-
tually unfolding the rectum in a slice-wise manner following
the methods reported in [8,1,3]: At every CT slice the con-
tour was cut at its posterior-most location and the dose at 21
points which were equally spaced along the contour, was de-
termined by interpolation. In order to facilitate inter-patient
comparisons, the maps were normalized in the longitudinal
direction by interpolation to maps of 21×21 pixels. This was
implemented using in-house software GUINESS [9].

In order to characterize the spatial distribution of the
dose with a limited number of features, each DSM was next
described as a set of binary images. Let f (x,y), (x,y) ∈
{1,2, . . . ,21}×{1,2, . . . ,21} be the original DSM. Then 35
binary images fb corresponding to 35 different dose levels
were generated by thresholding at different values α [Gy],
α ∈ {5,7, . . . ,73}:

fb(x,y;α) =

{
1 if f (x,y) ≥ α ,

0 otherwise
(1)

In order to extract features from the stacks of binary
images, all 1-valued pixels were grouped into a set of
connected regions (clusters). At every dose level the
dose distributions were characterized using the following
measures:

• DSH. The number of 1-valued pixels divided by the total
number of pixels in the DSM. This corresponds to the
portion of the rectal wall, which received a dose greater
than a respective dose level and can be interpreted as the
bins of a cumulative DSH.

• Longitudinal position. The longitudinal (superior-
inferior) position of the largest cluster was
determined by calculating the longitudinal compo-
nent of its center of mass. It was measured in pixels from
the bottom of the DSM.

• Shape. An ellipse with the same second moment as the
cluster was fitted around it. The longitudinal and lateral
extent of the largest clusters were quantified by project-
ing the axes of the ellipse to the main axes of the DSMs.
Furthermore the shape was described by the eccentricity
of the ellipse.

C. Assessing the Associations between Dosimetric Features
and Outcomes

In order to not only quantify the degree of association
(i.e. p-value) between the suggested measures and outcomes,
but also the type of relationship, we used a simple cut-point
model and dichotomized the continuous features extracted
from the DSMs. All possible unique partitions of the data
generated by thresholding all variables were considered and
a joint linear test statistic T was evaluated.

Let Xi denote the feature-vector consisting of the 175
dosimetric features presented in the previous section, Xik the
kth feature and Yi the outcome under consideration for all
baseline-free patients (i ∈ {1, . . . ,N} with N being the num-
ber of baseline-free patients for the endpoint under consider-
ation).

Then we would like to test the null-hypothesis

H0 : D(Y|X) = D(Y)

of independence of Y and X against shift alternatives, that is
variations of the distribution of the outcome D(Y) between
different groups of patients. These groups correspond to all
unique partitions induced by all possible cut-points in each
feature. The jth partition corresponding to a fixed cut-point
ξ in the range of the kth feature X1k . . .XNk can be described
as g j(Xi) = I(Xik ≤ ξ ), with I being the indicator function.
In order to evaluate how well the cut-points describe the re-
lationship between outcomes and dosimetric features a joint
linear test statistic T ∈ R

q with q being the number of unique
partitions, was defined. The outcome Yi is an ordered variable
with Yi ∈ {0,1,2}. Let R = (R1,R2, . . . ,RN)T denote the rank
vector of Y. Then, as reported by Lausen et al [10], a suitable
test-statistic for partition j can be defined as

Tj =
N∑

i=1

g j(Xi)Ri (2)

Tj is the Wilcoxon rank sum statistic for the jth split of the pa-
tient cohort into 2 groups induced by ξ . In order to be able to
compare the test statistics for the different partitions, T was
standardized by its mean μ and variance Σ to T� = |T−μ|√

Σ
.

Thus, the greater T�, the greater the association between a
specific cut-point and the outcome. A permutation approach
was used to calculate the expectation μ = E(T|S) and vari-
ance Σ = V(T|S) under the null hypothesis of independence
given all permutations S of outcomes Yi. The randomization
of the patients into the 64 Gy and the 74 Gy arm of the trial
was taken into account by only allowing permutations within
both blocks. Thus, the expectation and variance were calcu-
lated separately for the patients in each arm of the trial. The
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expectation μ and variance Σ of T were calculated as the sum
over all expectations and variances [11].

In order to determine the significance of the different cut-
points the distribution of T� was determined using Monte
Carlo methods. T� was calculated for 10000 block-wise per-
mutations of Y and the p-values were calculated as proportion
of permuted statistics that exceeded the observed statistic. In
order to correct for multiple testing the step-down algorithm
[12] was applied, taking advantage of the dependence struc-
ture between the cut-points.

The analysis was performed using the language and en-
vironment for statistical computing R [13] and the package
Coin [14].

III. RESULTS

A. Rectal Bleeding

Correlations between DSH and rectal bleeding were quan-
tified. The statistical analysis indicates that a dose-surface re-
sponse exists for doses greater than 51 Gy. That is, a larger
portion of the rectal wall irradiated at these doses results in
a higher complication probability. The strongest significant
correlation with a p-value of 0.03 was found for those pa-
tients where more than 37.4% of the DSM received at least
51 Gy. In figure 1 the greatest T � (T �

max) is displayed for each
variable. In all figures test statistics with a p-value less than
0.05 are displayed in red and are separated by a horizontal
line.
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Fig. 1 T �
max for the 35 bins of the DSHs for rectal bleeding and loose stools.

Loose stools is represented by circles, rectal bleeding by bullets.

No significant correlations could be found between the
longitudinal position and rectal bleeding.

Significant correlations (p < 0.05) were found for lateral
extent at 8 dose levels between 39 Gy and 61 Gy, with the
strongest correlation at 61 Gy (p=0.0004) for the lateral ex-
tent of the dose distribution exceeding 59.1% of the circum-
ference of the rectum (figure 2).
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Fig. 2 T �
max for lateral extent, longitudinal extent and eccentricity for rec-

tal bleeding. Lateral extent is represented by circles, longitudinal extent by
bullets and eccentricity by crosses

B. Loose Stools

In contrast to rectal bleeding low doses were found to be
correlated to loose stools (figures 1 and 3). For DSH signif-
icant correlations (p<0.05) were found for dose levels be-
tween 21 Gy and 27 Gy with the strongest association at 23
Gy (p=0.03).

No significant correlations could be found between the
longitudinal position and loose stools.

Associations with p<0.05 were found for longitudinal ex-
tent and eccentricity at different dose levels between 21 Gy
and 33 Gy. The strongest correlation (p=0.002) was found for
the longitudinal extent of the dose distribution at 23 Gy ex-
ceeding 109.2%1 of the length of the rectum.

IV. DISCUSSION

It has been shown that the proposed spatial features cor-
relate with a number of late complications in different ways.
For rectal bleeding doses below 51 Gy do not seem to be rele-
vant. Although the DSH proved to be important, significantly
stronger correlations could be found for the lateral extent of

1 Due to the fitting of the ellipse longitudinal extents of up to 24.25 pixels,
corresponding to 115.5% of the length of the rectum, were found.
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Fig. 3 T �
max for lateral extent, longitudinal extent and eccentricity for loose

stools. Lateral extent is represented by circles, longitudinal extent by bullets
and eccentricity by crosses

the dose distribution. This indicates that the fraction of the
circumference of the rectal wall irradiated at high doses is
specifically important. For loose stools the strongest correla-
tions were found for longitudinal extent. However, eccentricity
proved to be the measure with the strongest significant correla-
tion for 25 Gy (p=0.02) and an association between the lateral
extent and loose stools with p=0.056 could be found at 57 Gy.

These findings indicate that for loose stools different as-
pects of the dose distribution are relevant at different dose
levels. While the longitudinal extent is most relevant at
medium and low doses the lateral extent is important for
higher doses. For 25 Gy it is beneficial to have an eccentri-
cically shaped dose distribution. The optimal cutpoint of the
longitudinal extent exceeding 100% of the rectum length in-
dicates that it can be beneficial to avoid also low doses to the
gastro-intestinal tract superior to the rectum.

The fact that a high eccentricity is inversely correlated with
a decreased risk of rectal bleeding leaves room for interpreta-
tion. It was proposed that one mechanism of repair involves the
migration of non-damaged cells into the damaged area [15].
Thus, it is preferable to have a shape with a high perimeter-to-
surface ratio, which is reflected in the eccentricity, because that
means that there is relatively more space for the non-damaged
cells to migrate into the area with damaged cells.

V. CONCLUSION

We conclude that late complications in the rectum are not
only related to DSHs and measures derived from these quan-
tities, but also to the shape of the dose distribution. We have
identified measures describing these characteristics and have
quantified the strength of the correlations. For rectal bleed-
ing the lateral extent was the dominant feature while for
loose stools also eccentricity and longitudinal extent played a

major role at a set of dose levels. We therefore suggest that not
only DVH-based tools, but also shape-based tools need to be
used in order to fully assess the quality of dose distributions.
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Abstract—Robotic radiosurgical treatments using more 
than one circular field size may confer improvements in plan 
quality and total monitor units for many cases when compared 
with single-collimator treatments, but delivery efficiency is 
diminished when fixed collimators are used to deliver such 
treatments owing to the need for multiple traversals of the 
robotic manipulator. We describe an Iris Collimator that 
allows the full range of circular field sizes to be used within a 
single robot traversal. The radiation and mechanical proper-
ties of this device are described, and a beam commissioning 
procedure is detailed. The device meets all of its design goals, 
and thereby offers the potential to greatly increase the clinical 
application of multiple field sizes for treatment delivery. 

Keywords—Iris Collimator, robotic radiosurgery, Cyber-
Knife System, X-ray beam collimation. 

I. INTRODUCTION  

The CyberKnife® Robotic Radiosurgery System (Ac-
curay Incorporated, Sunnyvale, CA, USA) is equipped with 
a set of 12 fixed circular collimators with field sizes ranging 
from 5 to 60 mm at 800 mm SSD, and thicknesses ranging 
from 70 to 87 mm. Often a single collimator is used for all 
treatment beams, with its size usually representing a com-
promise between the need to achieve high treatment con-
formality and steep dose gradients (which is better achieved 
using smaller collimators), and that of minimizing the total 
monitor units (MU) and treatment beams (which is better 
achieved using larger collimators). The system allows up to 
three collimators to be used during any treatment. Treat-
ments combining multiple fixed collimators are sometimes 
performed [1] and can substantially reduce total MU in 
many cases [2]. Treatment delivery is divided into multiple 
traversals of the robotic manipulator around the patient, 
once with each of the required collimators. This increases 
the total robot traversal time compared with a single-
collimator treatment and introduces a pause associated with 
each collimator exchange, both of which can offset the 
treatment time reductions that might be obtained with mul-
tiple field sizes. In practice this can deter clinicians from 
treating with multiple field sizes.  

The rationale for an Iris Collimator that allows the field 
size to be varied during treatment delivery is to enable the 

benefits of multiple field size treatments to be realized with 
no increase in treatment time due to collimator exchange or 
multiple traversals of the robotic manipulator by allowing 
each beam to be delivered with any field size during a sin-
gle traversal. The following high-level design goals were 
considered important: 
 
a) Radiation transmission through the device should be no 

greater than with the current fixed collimators 
 

b) Field sizes should be positioned reproducibly 
 

c) Any increase in penumbral width compared with fixed 
collimators should be minimized 

 

d) The radiation fields should be effectively circular (since 
the vendor supplied dose calculation algorithms assume 
circular beam symmetry) 

 

e) The weight of the device should not degrade the align-
ment accuracy of the robotic manipulator 

 

f) The size of the device should not reduce the available 
treatment workspace around the patient  

 

g) The device should be interchangeable with fixed colli-
mators, so that either option can be selected on a pa-
tient-specific basis 

II. DEVICE DESCRIPTION 

The IrisTM Variable Aperture Collimator incorporates 
twelve, 60 mm thick, prism-shaped tungsten-copper alloy 
segments in two banks of six (Figure 1), and is based on a 
novel collimator design [3,4]. The banks are rotated by 30° 
with respect to each other. This two-bank design offers 
substantial advantages with respect to several of the design 
goals. The most significant of these is that radiation leakage 
between the collimator segments is limited without the need 
for a tongue-and-groove or similar design, because the gap 
between any two segments in the lower bank is always 
covered by the body of a segment in the upper bank, and 
vice versa. Eliminating the need for a tongue-and-groove 
design confers a mechanical advantage because the friction 
between adjacent segments is reduced. The two-bank design 
also reduces the height-to-width ratio of each segment re-
quired for the same total collimator thickness compared to a  
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Fig. 1 External view of the Iris Collimator assembly 

single-bank design. This ratio affects the susceptibility of 
segments to deform under torsional stress induced by mo-
tion or gravity, and therefore the two-bank design is likely 
to improve field size reproducibility and device reliability. 
The aperture is varied by rotating a central cam plate using a 
single motor which, through a roller bearing fixed to each 
segment assembly, pushes each segment along a linear 
bearing (Figure 2). The radial location of the roller bearing 
in its cam plate slot is used to adjust the ratio of the opening 
of the upper bank to the lower bank. This ratio is set such 
that the upper bank opens to 80% of the aperture of the 
lower bank to give a stepwise approximation of the beam 
divergence and thereby minimize the penumbra. 

The distal face of the Iris Collimator (i.e., the bottom sur-
face of the lower bank) is at the same distance from the  
X-ray target as for the distal face of a fixed collimator (400 
mm). The outer dimensions of the Iris Collimator assembly  

 
Fig. 2 A view of the Iris Collimator drive mechanism showing only two 
segments in each bank for simplicity 

are slightly larger than the fixed collimator housing, but this 
does not reduce the number of positions (nodes) from which 
treatment beams can be delivered, and the CyberKnife Sys-
tem’s proximity detection software adjusts its geometric 
model which checks for collision avoidance depending on 
the type of collimator in use. The Iris assembly attaches to 
the treatment head through the use of a pneumatically actu-
ated exchange mechanism which, in combination with the 
robotic manipulator, allows the entire Iris Collimator as-
sembly to be swapped with fixed collimators without man-
ual handling. Therefore the design goals (f) and (g) are 
inherently satisfied by the mechanical design.  

III. PHYSICAL PROPERTIES 

The radiation beam properties of both fixed and Iris col-
limators were measured using radiochromic film placed 
between water-substitute phantom slabs, and custom de-
signed software analysis routines. Beam circularity was 
assessed using the rms deviation in the 50% dose radius in 
dose profiles extracted at 15° intervals from films irradiated 
at 800 mm SFD and depths 15–200 mm (Figure 3). The 
observed increase in rms deviation for both collimator types 
at very small field sizes is influenced by the inherent limita-
tion in scan resolution (e.g., for a 5 mm field size a 1% 
deviation is equivalent to 0.05 mm but a 300 dpi scan has 
0.085 mm pixel size). The typical Iris Collimator rms devia-
tion was <0.8%, corresponding to an absolute variation in 
the 50% dose radius ranging from <0.02 mm for a 5 mm 
aperture to <0.25 mm for a 60 mm aperture. The same dose 
profiles were used to measure the average 80–20% penum-
bra and the rms variation in penumbra. The Iris Collimator 
penumbra was found to be typically 0.2–0.4 mm larger than 
that of an equivalent fixed circular collimator. The rms 
penumbra variation was about 0.1 mm at 5 mm field size,  
 

 
Fig. 3 The 50% dose radius variation for fixed and Iris collimators 



914 W. Kilby et al.

 

  
 IFMBE Proceedings Vol. 25  

 

rising to about 0.5 mm at 60 mm field size. The implica-
tions of this residual non-circularity for beam commission-
ing and dose calculation accuracy are considered later. 

Collimator transmission was measured using film at SFD 
800 mm and depth 15 mm using an exposure of 50,000 MU. 
The measurements were performed with the Iris Collimator 
and also for a blank (i.e., without a beam aperture) fixed 
collimator of 87 mm thickness, and were normalized to dose 
measured at the centre of an unblocked 60 mm field (Figure 
4). The maximum leakage beneath an Iris Collimator segment 
was found to be 0.05%, compared with 0.12% for a fixed 
collimator. A pattern of increased inter-segment leakage was 
observed, but the leakage in this region rose to just 0.07%. 

Field size reproducibility was assessed using a machine 
vision system which measured the distance between all 
three opposing pairs of segments in the lower bank over 
multiple runs, between each of which the aperture was 
opened and closed. For each run the average distance was 
calculated. Reproducibility was assessed as the maximum 
deviation between this value and the nominal aperture size, 
and found to be less than 0.1 mm. Pointing accuracy was 
assessed using a standard end-to-end test method described 
elsewhere [5], and found to be within the current system 
specification of 0.95 mm. 

 
Fig. 4 Iris and fixed collimator transmission measured at 800 mm SFD and 
15 mm depth 

IV.   COMMISIONING AND DOSE CALCULATION ACCURACY 

The current vendor supplied dose calculation algorithms 
require the input of a single representative dose profile for 
each field size at several depths. Inspection of the Iris Col-
limator radial dose profiles shows that the 50% isodose 
contour appears to be a regular dodecagon such that it has a 
cyclical pattern of maximum and minimum radii with a 

period of 30°. However, the lower isodose contours show 
the existence of a “harmonic” with a period of 60° (Figure 
5). This is due to the dual-bank design which breaks the 
simple 12-sided symmetry. An approach for acquiring a 
representative equivalent circular profile is therefore 
through the equally weighted averaging of profiles meas-
ured at 0°, 15°, 90° and 105°, and this was performed using 
a standard plotting tank. Tissue phantom ratio and output 
factor (OF) data were also acquired for the full range of Iris 
and fixed collimator field sizes. The only significant differ-
ence observed between these Iris and fixed collimator beam 
parameters is that the OFs for the smallest field sizes (5 mm 
and 7.5 mm) are significantly lower for the Iris Collimator 
(e.g., OF (5 mm) about 0.57 for Iris cf. about 0.71 for fixed 
collimator). This is because for the smallest field sizes the 
X-ray focal spot is partially obscured at the output factor 
measurement point, and because of the difference in colli-
mator thickness this obscuration is greater for the Iris Col-
limator than for the equivalent fixed collimator. 

 
Fig. 5 Radial distance of the 10%-90% dose decrement lines for a 40 mm 
Iris collimated field measured in a water phantom at 800 mm source-to-
detector distance 

Beam models of the Iris Collimator were generated and 
commissioned within the vendor supplied treatment plan-
ning system using the method described above to generate 
representative profile data. Dose calculations for isocentric 
single beams in a uniform water-substitute phantom were 
compared against EBT film measurements made in a plane 
normal to the beam axis (SFD 800 mm, depth 100 mm). At 
the largest (most non-circular) field size 98.4% of pixels 
passed a 1 mm / 1% gamma criterion and the mean distance 
to agreement in the steep dose gradient region was 0.1 mm 
(Figure 6). For a 10-mm field these values were 99.0% and 
0.1 mm, respectively.  
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Fig. 6 Gamma analysis of measurement vs. calculation for 60 mm Iris 
Collimator, plane normal to central axis at SFD 800mm and depth 100 mm 

V. DISCUSSION 

This section reviews whether the design goals were met: 
(a) No increase in radiation transmission is met and ex-
ceeded since the transmission at all points under the Iris 
Collimator is <50% than under the thickest of the fixed col-
limators. This is because of the increased total thickness of 
the Iris design (120 mm cf. 70–87 mm for fixed collimators) 
and the offset two-bank design, which effectively limits 
leakage between the collimator segments. (b) Reproducible 
aperture setting has been found to be achieved consistently 
within a tolerance of 0.1 mm at the lower collimator bank. 
This test is now applied to all Iris Collimators before ship-
ment by the vendor. (c) Minimal increase in penumbral 
width is met with a penumbra increase of 0.2–0.4 mm cf. the 
equivalent fixed collimators. (d) Effective circular symmetry 
is achieved within the small variations in 50% dose radius 
and penumbral width summarized in Figures 3 and 5. The 
residual non-circularity increases with field size as expected. 
When a representative beam profile is generated using the 
beam commissioning method described, differences between 
dose calculation and delivery are <1 mm or 1% at more than 
98% of points for a single beam with all field sizes. Single-
beam comparisons are expected to show the worst case  
differences between dose calculation and delivery. For treat-
ment plans involving multiple non-coplanar beams, which 
are the norm for the CyberKnife System, the polygonal na-
ture of any individual Iris Collimator beam is expected to be 
blurred in the overlapping of multiple beams incident upon 
the lesion, resulting in a combined error due to the circular 
beam approximation which is generally smaller than the 
single-beam result. (e) No degradation in total system accu-
racy is achieved as demonstrated consistently by end-to-end 
test results remaining within the current system tolerance of 
0.95 mm. Finally, (f) No reduction in workspace, and (g) 

Exchangeability with fixed collimators without manual han-
dling, are inherently achieved by the design. 

As previously noted, in comparison with fixed collima-
tors, the Iris Collimator enables treatment delivery effi-
ciency (and therefore treatment time) to be improved when-
ever more than one field size is used, and also for all 12 
field sizes to be included during the plan optimization proc-
ess rather than a maximum of three. These factors should 
encourage a greater clinical usage of multiple field sizes, 
with potential benefits for plan quality and/or treatment time 
in many cases. However, for the smallest field sizes (5 and 
7.5 mm) fixed collimators have significantly larger OFs 
than the equivalent Iris field sizes. This suggests that treat-
ments delivered using just a single small field size (such as 
for very small target volumes within the central nervous 
system) may be better delivered using a fixed collimator, 
and therefore the ability to interchange Iris and fixed colli-
mators is an important design feature. 

The Iris Collimator achieves its design goals with a fun-
damentally simple design. All moving parts are driven using 
one motor and a single rotating drive mechanism. Leakage 
between segments is prevented without the need for tongue-
and-groove or other mechanical linkage between adjacent 
collimator segments which are moving relative to each 
other. This simplicity may help achieve high device reliabil-
ity, although this remains to be proven in the field.  The Iris 
Collimator entered routine clinical use in July 2008. As of 
March 2009, 22 systems were installed worldwide, and 
clinical experience is currently being gained.  
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Abstract—Iris collimation and sequential beam weight op-
timization are two recently introduced technologies for robotic 
radiosurgery. We have evaluated the clinical utility of these 
technologies by comparing treatment plans generated using 
them with plans generated using fixed collimators and alterna-
tive optimization algorithms for 19 clinical cases and four 
optimization objectives. In every case an improved solution 
was obtained when using the Iris Collimator and sequential 
optimization, resulting in fewer total MU, better target cover-
age, better dose conformality, and/or better dose homogeneity. 
These improvements suggest that the new collimation system 
and optimization algorithm will have high clinical utilization.   

Keywords—Iris Collimator, robotic radiosurgery, Cyber-
Knife System, treatment planning, optimization. 

I. INTRODUCTION  

In treatments with the CyberKnife® Robotic Radiosur-
gery System (Accuray Incorporated, Sunnyvale, CA, USA), 
the robotic manipulator moves through a large set of fixed 
positions (nodes) defining a non-coplanar workspace around 
the patient. Multiple treatment beams can be delivered from 
each node. Beams are collimated using fixed circular colli-
mators selected from a set of 12 with beam diameters from 
5 to 60 mm (at 800 mm from the X-ray target). Treatment 
plans are generated using inverse planning in two stages: 

1) A set of candidate treatment beams is generated. Candi-
date beam origin points are uniformly distributed between 
the available nodes, and beam target points are defined as 
random points on the target volume surface (for non-
isocentric treatment) or one or more manually selected 
points (for isocentric treatment). Between one and three 
collimator sizes are manually selected, and these are 
evenly distributed within the candidate beam set.  

2) Beam weights are optimized by minimizing a linear cost 
function using the Simplex method, or using an iterative 
method. In both cases the cost function includes multiple 
dose and monitor unit (MU) objectives, each of which is 
assigned a manually defined weighting factor to signify 
its relative clinical importance in the overall problem. 

Two recent technical developments have provided new 
possibilities for this treatment planning and delivery proce-
dure. First, the IrisTM Variable Aperture Collimator, which 
is based on a novel design [1, 2], allows the size of each 
beam to be varied among the 12 discrete fixed-collimator 
sizes during treatment. This improves treatment delivery 
efficiency when multiple field sizes are used since only one 
robot traversal is required regardless of the number of field 
sizes, and it also avoids the need for manual selection of 
field sizes a priori since all options are considered as part of 
the optimization problem. Secondly, the Sequential Optimi-
zation algorithm allows beam weights to be generated using 
a sequential multiple objective approach [3]. After maxi-
mum dose and MU constraints are defined the optimum set 
of beam-weights is constructed in a sequence of steps, with 
each step finding the global minimum of a linear cost func-
tion within existing constraints using the Simplex method. 
The cost function at each step corresponds to one dose ob-
jective for any one volume, or to the total MU. The result-
ing minimum value is applied as an additional constraint to 
all further steps, and the solution is guaranteed to be feasi-
ble at each step. In contrast to the previous optimization 
methods, weighting factors are not required since the cost 
function contains only one objective. Instead, clinical judg-
ment is used for ordering the optimization steps in terms of 
clinical priority. Hence this method can be described as 
“sequential” in contrast with the previous methods which 
involve “simultaneous” optimization of multiple objectives. 

The purpose of this study is to assess the clinical benefit 
of these two new technologies by comparing treatment 
plans for a variety of clinical indications generated using 
fixed collimators and simultaneous optimization (F-Sm) vs. 
Iris Collimator and Sequential Optimization (I-Sq). 

II. MATERIALS AND METHODS 

A group of 19 treatment plans were selected, each of 
which was generated by an experienced clinical user with a 
single fixed collimator and simultaneous optimization algo-
rithm. These cases were grouped into four categories based 
on a primary planning objective (Table 1 and below). 
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i) Minimize total MU – applied to a selection of lung, 
pancreas, and liver cases  

ii) Maximize target volume coverage – applied to a selec-
tion of spinal treatment cases 

iii) Maximize the conformality of the prescription isodose 
to the target volume – applied to intracranial and head & 
neck cases. These plans are analyzed using a conformal-
ity index (CI), defined as the ratio of total volume of the 
prescription isodose to target volume enclosed within 
the prescription isodose (a perfect value is unity) 

iv) Minimize dose heterogeneity across the target volume – 
applied to prostate cases. These plans are analyzed in 
terms of a homogeneity index (HI), defined as the ratio 
of the maximum point dose within the target volume to 
the prescription dose 

I-Sq plans were generated using three, and all 12, field 
sizes. Three field sizes were used since this is the maximum 
number of fixed collimators that can be combined in any 
treatment, and for these plans the sizes were selected based 
on the frequency distribution of field size usage in the 12-
field-size I-Sq plan. An optimization strategy based on the 
primary planning objective in each case was used. The 
PTV, OAR, and shell (annular structures created by dilation 
of the PTV) maximum dose constraints, and total MU con-
straints were applied to all I-Sq plans based on the values 
obtained in the F-Sm baseline plans, so that these aspects of 
overall plan quality could not be degraded in order to im-
prove the primary planning objective. 

Table 1 Overview of test cases 

Primary  
Objective Case Name and Description Target Volume 

(cm3) 
Lung #1 peripheral lesion 35.9 
Lung #2 peripheral lesion 6.0 
Lung #3 central lesion 104 
Lung #4 central lesion 77.3 
Pancreas lesion 159 

Minimize Total 
MU 

Liver lesion 877 
Spine #1 T-spine vertebral body 10.0 
Spine #2 C-spine extra-dural lesion 0.7 
Spine #3 T-spine vertebral body 10.0 

Maximize 
Coverage 

Spine #4 T-spine vertebral body 12.0 
Acoustic neuroma #1 0.4 
Acoustic neuroma #2 0.8 
Head & neck (base of tongue) 43.4 

Maximize 
Conformality 

Brain metastasis 2.2 
Prostate #1 74.2 
Prostate #2 93.7 
Prostate #3 74.7 
Prostate #4 72.5 

Minimize 
Heterogeneity 

Prostate #5 53.9 

III. RESULTS 

The results for these four categories are summarized in 
Figure 1. Figure 1(a) shows that the total MU setting is 
typically 30–70% lower for the I-Sq plans than the F-Sm 
plans. The majority of the MU reduction is achieved when 
three field sizes are used, but further improvements of up to 
8% are observed in 4/6 cases when all 12 field sizes are 
employed. These cases correspond to a range of target vol-
ume from 6.0 to 104 cm3. Figure 2(a) shows that ten of the 
available field sizes are utilized by the Sequential Optimiza-
tion algorithm in a typical case (Lung #4). The liver lesion 
shows the least benefit from multiple field sizes because the 
target dimensions (877 cm3, maximum dimension about 140 
mm) are much greater than the available field sizes and 
therefore only the largest field sizes (40–60 mm) are se-
lected by the optimization algorithm (Figure 2(b)). In this 
situation the 11% MU reduction observed between the F-
Sm and I-Sq plans is likely due mostly to the optimization 
algorithm rather than the Iris Collimator. The slight increase 
in MU setting observed between 3 and 12 field size plans in 
the liver and pancreas cases is an artifact of the beam gen-
eration algorithm providing more candidate beams in the 
limited range of “useful” field sizes (1000 candidate beams 
are generated per field size in the three field size plan vs. 
500 in the 12 field size plan), therefore allowing an im-
proved objective value to be found with three field sizes. 

Figure 1(b) shows that target volume coverage is 5–10% 
greater for the I-Sq vertebral body cases (spine cases 1, 3, 
and 4) cf. the equivalent F-Sm plans. In each case there is 
continued improvement as the number of field sizes in-
creases. Figure 2(c) shows a typical distribution of field 
sizes selected in these cases. Spine #2 shows a smaller cov-
erage improvement of 3% between the I-Sq (3 field sizes) 
and F-Sm plans. This is a very small target volume (0.7 
cm3) located within 1 mm of the spinal cord. The need to 
obtain a very steep dose gradient in this case effectively 
limits the optimization algorithm to selecting just the small-
est field sizes. Therefore the coverage improvement is a 
result of the optimization algorithm rather than the Iris Col-
limator in this case, and the reason for the slight decrease in 
coverage between 3 and 12-field size cases is the same as 
previously noted for the liver case. 

Figure 1(c) demonstrates conformality improvements in 
all cases when comparing I-Sq with F-Sm plans. In the head 
and neck case, which has the largest and most complex 
target volume, the conformality index is reduced from 1.78 
(F-Sm) to 1.35 (I-Sq 12 field sizes). The two acoustic neu-
roma target volumes are small (≤0.8 cm3) and so only the 
smallest field sizes are useful in these cases. Therefore the 
improvement in conformality observed in these two cases 
with the I-Sq plans is a result of the optimization algorithm. 
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Fig. 1 Optimization results for top-left a) Minimize MU, top-right b) Maximize Coverage, bottom-left c) Minimize CI, and bottom-right d) Minimize HI. 
For each case the values shown correspond to F-Sm 1-collimator (solid black), I-Sq 3-field size (red oblique line), and I-Sq 12-field size (blue dotted) 

 

 
Fig. 2 Distribution of weighted (non-zero MU) beams for 12–field-size I-Sq plans, from the left: a) Lung #4, b) Liver, c) Spine #1, d) Prostate #3. The plot 
shows the mean value obtained from ten runs of the optimization script (with a different set of candidate beams each time) as a thick horizontal line, the 25–
75% range as a box, and the full range as an error bar 
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Finally, Figure 1(d) shows improvement in target volume 
dose homogeneity in every case when comparing I-Sq and 
F-Sm prostate plans. The prescription isodose (normalized 
to the maximum dose) is increased from 79–87% for the F-
Sm plans to 90–92% for the I-Sq plans with 12 field sizes, 
resulting in ≤10% dose variation between the maximum 
point dose and the dose encompassing 98% of the PTV in 
each case. The typical field size distribution for these cases 
is illustrated in Figure 2(d), showing that all sizes are used. 

IV. DISCUSSION  

The I-Sq plans demonstrate improvement in the primary 
optimization objective in all 19 cases when compared with 
the F-Sm plans, providing MU reduction, target volume 
coverage increase, and improvements in conformality and 
homogeneity. In each I-Sq plan, the use of dose and MU 
constraints based on the F-Sm plan ensured that other as-
pects of plan quality are similar, or improved, compared 
with the F-Sm plan. In some cases the use of multiple field 
sizes is not beneficial. For example, if the target volume is 
large and the optimization method does not require very 
steep dose gradients around the target volume (for example 
the liver lesion), or is small and high dose gradients are 
required (for example the extra-dural spine lesion and the 
two acoustic neuroma cases) then field sizes at only the high 
or low ends respectively of the available set of 12 are se-
lected by the optimization algorithm. However, in these 
cases improvements in MU setting, conformality, and cov-
erage have been obtained using the sequential optimization 
method. In all other cases, including all target volumes in 
the range 2.2–159 cm3 in this study, the I-Sq plan quality 
improvements resulted from a combination of multiple field 
sizes and the optimization algorithm. 

The results show that much of the plan quality improve-
ment could be obtained using three field sizes, with a 
smaller incremental increase offered by using all 12 field 
sizes in most cases. A three-field-size treatment can be 
delivered using fixed collimators, but there is a significant 
treatment time advantage to using the Iris Collimator even 
in this setting because it requires only one traversal of the 
robotic manipulator compared with three for multiple fixed 
collimators, and it removes the need to pause and exchange 
fixed collimators during treatment. The results also show 
that when the range of useful field sizes is very limited  
(for example when a very small or large target volume is 
treated) that a more optimal solution is found when consid-
ering a smaller range of field sizes because of the increased 
number of candidate beams at each of these useful  
sizes. Manual restriction of the Iris field size range  

pre-optimization is currently possible, but this finding sug-
gests that automatic restriction based on target volume size, 
or possibly the iterative addition of candidate beams with 
sizes identified as being useful during optimization, might 
be approaches deserving further study. 

The Iris Collimator in principle allows delivery of a con-
tinuous range of field sizes rather than the discrete set of 12 
currently available. The pattern of plan quality improve-
ments observed in this study demonstrates a decreasing 
incremental benefit as the number of available field sizes 
increases. This suggests therefore that a small clinical ad-
vantage would be gained by increasing the number of field 
sizes beyond 12 within the current range of 5 to 60  mm. 
The results do suggest however that increasing the maxi-
mum field size to a value >60 mm is likely to be beneficial 
for the treatment of larger target volumes (with a threshold 
volume likely to be somewhere in the range 159–877 cm3).  

V. CONCLUSION  

Substantial improvements in several aspects of treatment 
plan quality associated with the use of an Iris Collimator 
and Sequential Optimization algorithm have been demon-
strated in all 19 cases in this study. The improvements in 
plan quality may lead to increased utilization of this new 
collimation system and optimization algorithm, and even in 
situations where the use of multiple field sizes is not benefi-
cial, the use of the Sequential Optimization algorithm with a 
single fixed collimator provides plan quality improvements. 
Of course, the clinical and practical significance of the Iris 
Collimator and Sequential Optimization algorithm will be 
fully established only after extensive user experience with 
these new technologies. 
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Abstract—Mechanical stability and precise adjustment of 
beams, collimators, rotation axes and room lasers has long 
been recognized as essential requirements for linac-based 
radiation therapy. However, if IGRT techniques (in this 
context defined as radiation-image based online patient-
repositioning) are to be employed, these requirements in 
mechanical accuracy and positioning exactness have to be 
expanded to the integrated kilovolt (kV) and megavolt (MV)  
imaging systems. With a growing number of involved systems 
and control parameters, there is increasing need for accurate 
and fast quality-assurance procedures. We present a method 
that is based on segmentation and analysis of digital images 
acquired with the linac’s integrated MV and kV imaging 
systems. By means of a very simple arrangement – using only 
one single radio-opaque marker – it facilitates the analysis of 
the following parameters: angle-dependent positioning accu-
racy of both kV and MV detectors, calculation of the central 
beam’s inscribed circle with gantry rotation, coincidence of 
room lasers with beams and rotation axes, coincidence of 
gantry-, treatment table- and collimator rotation axes. This 
analysis as well as the subsequent interpretation of results 
and drafting of correction advices does not need any  
user interaction. The accuracy of the method (when checked 
against other QA-procedures) is in the order of below 0.2mm, 
while the precision in terms of reproducibility is better  
than 0.1mm. The entire procedure including measurements, 
data handling and analysis can be performed within 30 to  
45 minutes. 

Keywords—linac, IGRT, quality-assurance, EPID. 

I. INTRODUCTION  

Mechanical accuracy of a linear accelerator and its asso-
ciated devices is of major importance for external beam 
radiation therapy, especially for highly conformal tech-
niques such as stereotactic RT or IMRT. This is due to the 
fact that any inaccuracies in the treatment application chain 
have to be antecedently regarded for in the treatment plan-
ning process, by adding margins to the treatment volume - 
thus expanding the high-dose region in tissue. Consequently 
extensive quality assurance (QA) procedures are obligatory. 
Naturally it has been a long-going endeavor in the medical 
physics community to develop fast and accurate QA-tools 
[1,2,3]. 

In IGRT integrated imaging systems (in this paper we 
will restrict to systems based on ionizing radiation) are used 
to visualize and reposition the target region or target organ 
just before application of the treatment beams. Reposition-
ing is usually done without subsequent validation, so conse-
quently these devices have to be included into the QA proc-
ess [4-6]. 

This paper presents our solution for QA of positioning 
accuracy of integrated MV and kV imaging devices with 
regard to the position of the supporting robotic arms and 
gantry position. Furthermore these measures are set in rela-
tion to rotation axes and central beams of the linac. For the 
latter we have proposed a QA-procedure in an earlier publi-
cation [7]. 

The method is based on automated digital image interpre-
tation and works with a minimum of user interaction.  

II. MATERIALS AND METHODS 

A. Linac and Imaging Hardware 

In 2007 a new linac (Clinac iX, Varian Medical Systems, 
Palo Alto, CA) was installed at our institution. This ma-
chine is equipped with an amorphous silicon (aSi) detector 
(aSi1000) for MV imaging (subsequently referred to as 
MV-detector “MVD”) and an integrated kV-imaging system 
(On-Board Imager®, subsequently referred to as “OBI”), 
consisting of a kV x-ray source (“kVS”) and an amorphous 
silicon detector (“kVD”). All three devices are mounted on 
the accelerator using robotic arms and can be positioned and 
retracted remotely. Both detectors (kVD and MVD) have a 
768x1024 pixel image matrix with a physical pixel size of 
0.39mm. 

This accelerator is used for standard treatments as well as 
for IMRT, IGRT and stereotactic RT. 

B. QA Setup and Measurements 

A very simple arrangement for the measurements was 
chosen to allow a fast completion of the QA process: A 
couch mount (Brainlab, Heimstetten, Germany) designed 
for stereotactic treatments is attached to the treatment 
couch, holding a metallic ball (5mm diameter), centered by 



A Quality Assurance Tool Based on kV- and MV-Image Analysis for a Linear Accelerator Including an Integrated IGRT System 921

 

  
 IFMBE Proceedings Vol. 25  

 

means of the room lasers or, alternatively, a mechanical 
front pointer. In the standard procedure 13 kV and 13 MV 
images are acquired at different gantry positions (30 degree 
step width), but a different number of projection angles can 
be chosen. Treatment-table and collimator-rotation QA can 
be included [5] into the evaluation. 

C. Data Handling and Image Processing 

All acquired images are transferred from the ARIA data-
base (Varian Medical Systems) to a PC in DICOM-format 
(16 bit depth) and processed using self-developed software 
based on the IDL package (ITT Visual Information Solu-
tions, CO, USA). 

Briefly, image interpretation consists of the following 
steps: 

• All images are loaded, image information is 
read from the DICOM file headers (gantry an-
gle, detector position at time of measurement, 
pixel size in reference-plane) and saved. The 
position of central beam point (X0) as defined 
by the imaging system is determined. 

• The edges of the radiant field are segmented and 
actual field size is calculated and compared to 
the nominal field size. The coordinates of the 
central beam point X0,r with respect to X0 are ca-
lculated. (Note: this bullet is only valid for MV-
beams; for kV-beams the actual field-size is 
noncritical and therefore not taken into account 
here);  

• The marker is detected and the coordinates X0,m 
with respect to X0 are calculated. This step is 
somewhat tricky.  In our approach it is realized 
using a convolution algorithm with kernel de-
rived from a reference image. Sub-pixel accu-
racy is achieved by image scaling using bilinear 
interpolation. The method described in [7] was 
adapted for the aSi detector used in this work 
and adopted for the kVD images. 

D. Data Analysis and Drafting of Correction Advices 

To analyze the stability of the MVD device and the OBI 
system as subject to the gantry angle the origin of ordinates 
is set to the center of the marker ball.  

The value of X0,m perpendicular to the rotation axis is 
back-projected from the actual projection angle to generate 
a “star-shot” like figure in the x/z-plane. The inscribed cir-
cle I is calculated, depicting the deviation between assumed 
and real detector position. The position of the center of I 

with respect to X0 represents the alignment of room lasers 
(or that is to say the position of the marker) with the rotation 
isocenter.  

The value of X0,m parallel to the rotation axis (y-
direction) is plotted against the gantry position i for both the 
kVD and the MVD. Again there are two effects that have to 
be separated: the deviation of X0,m (i) from the mean value 
on the one hand and the distance of the mean value to the 
origin  X0 as a measure of the mis-alignment between room 
lasers and the rotation isocenter. 

For the purpose of linac QA apart from the imaging sys-
tem the following parameters are determined: radius of the 
central beam’s inscribed circle in the x/z-plane and shift of 
the central beam in y-direction with regard to gantry rota-
tion, coincidence of room lasers with beams and rotation 
axes, coincidence of gantry-, treatment table- and collimator 
rotation axes. For these purposes the values of X0,m - X0,r , 
representing  the displacement between marker and central 
beam, are gathered.  

Finally our software generates advices for the correction 
of misalignments, such as calibration of robotic arms, laser 
adjustments, and jaw recalibrations. Compliance with pre-
defined tolerance levels is validated. 

E. Performance Evaluation 

Due to the space limitations set for this publication it is 
not possible to present QA done for this QA-procedure in 
detail. Briefly speaking we performed reproducibility meas-
urements and checked the results against conventional  
film-based QA procedures and visual inspection of digital 
images. Intentional misalignments were measured and 
evaluated. 

III. RESULTS AND DISCUSSION  

In figure 1 the movement of the detector in y-direction 
with respect to the room-stable marker is shown. The sys-
tematic dependence on gantry position can evidently be 
seen by the sinus-shaped curve. Maximum deviations be-
tween center of the marker ball and central beam point of 
the detector are 0.23mm and 0.22mm for MVD and kVD, 
respectively. 

Figure 2 shows exemplarily the plot of a star-shot figure 
in the x/z-plane representing the rotational stability and 
positioning accuracy of the kV and MV detectors, respec-
tively. In this case (note that this is an example used for 
demonstration) the radius of the inscribed circle was 
0.13mm and 0.42mm for the MVD and the kVD,  
respectively. The marker indicating the isocenter defined by 
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room lasers shows an offset to the MVD isocenter of -
0.7mm and -0.5mm in x- and z-direction, respectively. For 
the kVD, this was -0.85mm and -0.1mm in x- and  
z-direction, respectively. 
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Fig. 1 Rotational stability and detector positioning accuracy in the y-
direction: shift between center of the marker ball and central beam point of 
detector. (a) MVD (b) kVD 

Tests on the reproducibility of our QA software showed 
that the precision of the procedure is better than 0.1mm. 
Accuracy tests as described very briefly in the previous 
section showed an overall value of less than 0.2mm, how-
ever these tests are also subject to the limited accuracy of 
conventional QA procedures and visual inspection. 

Mechanic instabilities of a linear accelerator are difficult 
to adjust. As an example, may we mention the so called 
“gantry sag”, a movement caused by incomplete correction 
of gravity effects that yields in a shift of the central beam in 
y-direction and is typically the most pronounced mechanical 
deviation in a linac’s beam delivery system. 

As for the imaging system, these deviations can be cor-
rected in principle for all components by calibrating the 
robotic arms of MVD, kVD and kV source accurately 
and/or by shifting the images after acquisition according to 
previously derived correction maps. Hence it is important to 
have a method at one’s disposal that allows for precise vali-
dation of these detector adjustments, particularly if the inte-
grated imaging systems are used for patient repositioning in 
IGRT applications. 

We would like to stress that it is beyond the scope of this 
work to present results on long-term stability of the linear  
 

accelerator or its components, but it was our intention to 
present the QA process and discuss its usability.  

 
Fig. 2 Rotational stability and positioning accuracy in the x/z plane: shift 
between center of the marker ball and central beam point of detector.  
Inscribed circle I depicted in blue, center of I marked with red X; for clarity 
a reduced number of projection angles is shown. (a) MVD (b) kVD 

Our approach is attempting to solve the particular issue 
of QA for mechanical stability and detector positioning. 
This algorithm is included into the total QA system of the 
linear accelerators with integrated IGRT devices. 
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Abstract—Magnetic Resonance Imaging (MRI) and Com-
puted Tomography (CT) are wonderful tools in medical prac-
tice that are based on the correct evaluation of high resolution 
images by technologically sophisticated equipments that are 
able to point out any alteration in human body. 

To simplify the quality control procedures, we realized a 
phantom coupled with a software dedicated, that allows to 
measure in real time and/or in a post processing session the 
slice thickness accuracy using only the phantom’s images. The 
computerized dedicated procedure we have developed results 
also independent of the particular CT and MRI medical  
device.  

Keywords—Slice thickness, Quality Controls, CT medical 
devices, MRI medical devices, Computerized dedicated  
software. 

I. INTRODUCTION  

Magnetic Resonance Imaging (MRI) and Computed To-
mography (CT) are wonderful tools in medical practice, and 
in many cases a life saving resource when rapid decisions 
are needed in the emergency room [1]. Both these diagnos-
tic techniques are based on the correct evaluation of high 
resolution images by technologically sophisticated equip-
ments that are able to point out any alteration in human 
body. 

In this context, to guarantee the maintenance of consis-
tent image quality over lifetime of the diagnostic radiology 
equipments and assure safe and accurate operation of the 
process as a whole, in particular for computer – headed 
imaging systems, such as the CT and the MRI scanners, it is 
necessary to establish and actively maintain regular and 
adequate Quality Assurance (QA) programs. The QA pro-
gram design should include periodic tests which will assure 
accurate target and critical structure localization [2]. there-
fore, the conduction of periodic Quality Controls (QCs) 
holds a key role inside the QA procedures, since the QCs 
allow completely evaluating the systems status and the 
images quality [3 - 4]. 

The Slice Thickness accuracy represents an important pa-
rameter that should be estimated during QCs procedures. 
AAPM Reports No 1 and No 28 state that the slice thick-
ness can be evaluated starting from the measure of the full 
width at half maximum (FWHM) of the response across the 

slice [5 - 6]. So, for the correct estimation of the slice thick-
ness accuracy, several test objects inserted in multipurpose 
phantoms can be used, most of which utilize some variant 
of an inclined surface. A typical test object is the crossed 
high signal ramps oriented at a fixed angle [6]. In addition, 
in order to determine the FWHM the AAPM Procedures 
involve the evaluation of a line profile of the slice. 

However, most CT and MRI scanners adopt specific and 
automated procedures that require the employment of dedi-
cated phantoms that are often provided with the CT and 
MRI medical devices, coupled with software tools dedicated 
for an automatic complete analysis of the scanners QCs 
images, that may not include the line profile tool. 

Standard methods consist in scan explorations of phan-
toms that contain different specific patterns. These methods 
rely on manual measurements with graphics tools in corre-
sponding images or automatic measurements developed in 
softwares that use some masks to determine the region of 
interest (ROI) for quantization [7]. So medical physicists, 
during their activity, must employ a lot of different phan-
toms, each of them need a specific measurements protocol 
to be referred in conducting the QCs. 

Therefore, to simplify the QCs procedures, we realize a 
dedicated phantom for evaluating the slice thickness accu-
racy. Such phantom, easy to employ, is coupled with a 
computerized dedicated procedure that allows to determine 
the FWHM and, at the same time, the slice width. 

II. MATERIALS AND METHODS 

The new methodology we have developed to determine 
the slice thickness accuracy by employing our phantom 
consists in two steps: the first one is based on the acquisi-
tion of images of the dedicated phantom at CT and MRI 
console, the second one on the elaboration of the so ob-
tained images by using a dedicated software developed in 
LabVIEW environment.  

The basic design of the dedicated phantom realized to de-
termine the slice thickness accuracy consists of a 
poly(methyl methacrylate) (PMMA) box (16.0 cm x 16.0 
cm x 7 cm) and a septum, also made on PMMA (3.0 mm 
thick), that divides the box in two sections reproducing the 
behavior both of a single and a double wedge (Fig. 1). Both 
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the sections can be filled with the same fluid or, as an alter-
native, with fluids having different density, i.e. water and 
air. The phantom we used for the slice thickness evaluation 
employs a spirit level to verify the correct planarity of the 
phantom with respect to the beam and the patient couch. 

 
 

 
Fig. 1 The phantom dedicated to the evaluation of the slice thickness 
accuracy (a). The spirit level that can be used to verify the correct planarity 
of the phantom with respect to the beam and the patient couch (b) 

The test procedure has been performed on CT and MRI 
devices and consists of four steps: 

1. Place the slice thickness accuracy phantom in the 
scanner head or body holder. 

2. Adjust level position of the phantom if needed.  
3. Move or position the phantom in the isocentre of 

the gantry aperture. 
4. Scan the phantom with a single slice using the de-

sired slice width available 

The phantom images have been acquired using standard 
Head and Body protocols (Tables 1 and 2). After the phan-
tom images have been acquired, they have been elaborated 
and analyzed at the device console. Then, the acquired im-
ages have been stored and/or transmitted to a printer.  

Table 1 Standard Protocols for testing CT medical devices 

Scan parameters Head Protocol Body Protocol 

kV 120 120 
mA 100 45 
Scan Time (s) 3 1 
Field of View (mm) 230 360 
Reconstruction Matrix  512 512 
Filter None None 

The method we are here describing utilizes the dedicated 
LabVIEW software (Virtual Instruments – VI). The main 
program consists in several steps divided in a more Stacked 
Sequence Structure. The first step open an image file, that  
 

Table 2 Standard Protocols for testing MRI medical devices 

Scan parameters Head Protocol Body Protocol 
Coil type Head Body 
Scan mode SE SE 
Scan technique MS 2D 
Slice orientation Transversal Transversal 
Number of echoes 2 3 
Field of view (mm) 250 250 
Repetition time (ms) 1000 1000 
Scan matrix 256 128 
Reconstruction matrix 256 256 
Water Fat Shift (pixels) 1.3 Maximum 

can be in a standard format (BMP, TIFF, JPEG, JPEG2000, 
PNG, and AIPD) or a nonstandard format known to the 
user. From the displayed image we calculate the profile of a 
line of pixels that is compatible with a LabVIEW graph [8]. 
To evaluate the slice width we measure the FWHM length 
of the wedge, expressed in pixels, relating it to its real 
length, in mm. So, the Front Panel of the software (Fig. 2) 
immediately appearing, results easy to handle and contains 
all the information to perform the slice width measurement. 
Therefore, it is possible, in real time, to obtain directly the 
value of this imaging parameter on the Front Panel.  
 
 

 
Fig. 2 Front panel of the dedicated LabVIEW software. In this figure it is 
possible to notice the X ray Phantom Section dedicated to slice thickness 
measurement (a), the Line Profile and its fit (b) and the slice thickness 
measured value (c). (All steps are performed in real time) 

In order to test our procedure, the obtained results were 
compared with those ones carried out by elaborating the 
same phantom images through software packages available 
for sale, dedicated to the image elaboration, such as the 
Image-Pro plus software from Media Cybernetics and by 
using procedures previously validated [9-10].  

a 

b 

c 

a 

b 
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III. RESULTS AND DISCUSSION 

A. CT Medical Devices 

Two dimensional images of the wedge of the dedicated 
phantom were acquired using the Scan Protocol described in 
Table 1. Figure 3 shows a typical X-Ray image of the phan-
tom. In this case the line profile tool was available within 
the scanner facilities and the related trend was shown in the 
same figure.  

 

Fig. 3  X ray Phantom Section as it appears at the CT console On the left 
side it is possible to notice the related line profile as obtained directly at the 
equipment console 

Table 3 Comparison between the slice thickness accuracy as measured 
directly at the console (CS) of the CT scanner (mean values) and as calcu-
lated using the Image Pro Plus (IPP) software (mean values) at different 
nominal values (NM). Percentage deviations from these values are also 
reported (absolute values) 

NM (mm) CS (mm) deviation  IPP (mm) deviation  

10 9.8 2.0% 10.1 1.0% 
5 5.1 1.0% 4.8 4.0% 
2.5 2.6 4.0% 2.4 4.0% 

Table 4 Comparison between the slice thickness accuracy as measured 
directly at the console (CS) of the CT scanner (mean values) and as calcu-
lated using the dedicated LabVIEW (LV) software (mean values) at differ-
ent nominal values (NM). Percentage deviations from these values are also 
reported (absolute values) 

NM (mm) CS (mm) deviation  LV (mm) deviation  

10 9.8 2.0% 9.8 2.0% 
5 5.1 1.0% 4.7 6.0% 
2.5 2.6 4.0% 2.6 4.0% 

Table 5 Comparison between the slice thickness accuracy as determined 
using the Image Pro Plus (IPP) software (mean values) and as calculated 
using the dedicated LabVIEW (LV) software (mean values) at different 
nominal values (NM). Percentage deviations from these values are also 
reported (absolute values) 

NM (mm) IPP (mm) deviation  LV (mm) deviation  
10 10.1 1.0% 9.8 2.0% 
5 4.8 4.0% 4.7 6.0% 
2.5 2.4 4.0% 2.6 4.0% 

In Tables 3 - 5 we compare the results of the elaborations 
conducted on different CT medical devices. Table 3 contains 
the comparison between the slice thickness as measured di-
rectly at the console of the CT medical equipments (CS) us-
ing, when available, the line profile tool, and the slice thick-
ness as determined using the Image Pro Plus Software (IPP). 
Both these values (mean values) have been compared with the 
corresponding nominal values (NM). In the same table we 
also report the percentage deviations (absolute values) we 
have calculated for all the set of measurements. In Table 4 we 
report the comparison between the CS slice thickness value 
and the slice thickness evaluated by the LabVIEW dedicated 
software (LV). Also in this case, the measured values have 
been compared with the nominal values (NM) and the per-
centage deviations (absolute values) have been indicated. 
Finally, in Table 5 we compare the IPP and the LV values.  

B. MRI Medical Devices 

Two dimensional images of the wedge of the dedicated 
phantom were acquired using the Scan Protocol reported in 
Table 2. Figure 4 shows a typical MRI image of the phantom 
and the related line profile displayed at the MRI console.  

 
Fig. 4 MRI Phantom Section as it appears at the MRI console. It is possi-
ble to notice the related line profile as obtained directly at the equipment 
console 
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In Table 6-8 we report the preliminary results we have 
obtained using the computerized dedicated procedures. In 
this case we consider the same nominal value (NM) for the 
slice thickness (10 mm). In Table 6 we compare the slice 
thickness as evaluated at MRI device console using the line 
profile tool (CS) and the slice thickness value as measured 
by means of the Image Pro Plus software (IPP). Both these 
values (mean values) have been compared with the nominal 
value (NM) and the corresponding percentage deviations 
(absolute values) have been reported. In Table 7, the com-
parison between the slice thickness value as measured at the 
MRI console (CS) and the same value as determined by 
means the dedicated LabVIEW software (LV) is shown. In 
the same table, the nominal value (NM) and the respective 
percentage deviations (absolute values) are also indicated. 
At the end, Table 8 contain the comparison between the IPP 
and the LV value with the respective percentage deviations 
(absolute values) from the nominal value (NM). 

Table 6 Comparison between the slice thickness accuracy as measured 
directly at the console (CS) of the MRI scanner (mean values) and as 
calculated using the Image Pro Plus (IPP) software (mean values). Percent-
age deviations from the nominal value (NM) are also reported (absolute 
values) 

NM (mm) CS (mm) deviation IPP(mm) deviation 
10 10.1 1.0% 9.8 2.0% 

Table 7 Comparison between the slice thickness accuracy as measured 
directly at the console (CS) of the MRI scanner (mean values) and as 
calculated using the dedicated LabVIEW (LV) software (mean values). 
Percentage deviations from the nominal (NM) value are also reported 
(absolute values) 

NM (mm) CS (mm) deviation LV (mm) deviation 
10 10.1 1.0% 10.3 3.0% 

Table 8 Comparison between the slice thickness accuracy as determined 
using the Image Pro Plus (IPP) software (mean values) and as calculated 
using the dedicated LabVIEW (LV) software (mean values). Percentage 
deviations from the nominal (NM) value are also reported (absolute values) 

NM (mm) IPP(mm) deviation LV (mm) deviation 
10 9.8 2.0% 10.3 3.0% 

IV. CONCLUSIONS 

Slice thickness is an important parameter in MRI. Partial 
volume effects can significantly alter sensitivity and speci-
ficity. Quantitative measurements such as T1 and T2, are 
also greatly influenced by slice thickness. Inaccuracies in 
the measurement of this parameter may result in interslice  
 

interference in multislice acquisitions, and invalid SNR 
measurements. Slice thickness accuracy is an important 
element also in the quality control program for CT scanner, 
because heavily influences CT quantitative analysis. There-
fore we have developed a dedicated phantom which allows 
accurate automated determinations of this parameter in 
LabVIEW environment. We have conducted the measure-
ments using different medical devices, like MRI ad CT 
equipments, and in both cases the obtained results are in 
agreement with the nominal values, pointing out the flexi-
bility of our method its simplicity and reproducibility, 
which makes our device a quick inspection tool. 
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Abstract—Compared with MLC-based IMRT for moving 
targets, compensator-based IMRT has advantages in shorter 
beam-on time, less monitor units with decreased carcinogene-
sis risk, better optimization-to-deliverable dose conversion, 
and often better dose conformity.  Some of the disadvantages 
include additional time for the compensators to be built and 
delivered as well as extra cost.  Treatment of abdominal can-
cers with this technique introduces the clinical problem of 
weight change, which can occur at any time during treatment.   
Accounting for a change in weight with a new plan and a sec-
ond set of compensators would result in treatment delays and 
more costs.   A method to re-plan the patient using the same 
set of compensators would be advantageous. With abdominal 
cancers, weight loss is seen most often.  Since the changes are 
usually relatively small, a new 4D CT acquired in the treat-
ment position with markers on the original isocenter tattoos 
can be registered to the original planning scan.  The contours 
of target volumes from the original scans are copied to the new 
scan after fusion.  The original compensator set can be used 
together with a few field-in-field beams defined by the MLC.  
The weights of the beams with compensators are reduced so 
that the field-in-field MLC beams can be optimized to mirror 
the original plan and dose distribution. With this technique, 
the new plan usually restores the original plan on the new 
planning CT images.  The target coverage and dose uniformity 
are improved compared to the plan without the field-in-field 
modification. Four abdominal cancer cases are presented in 
this work.  

Keywords—compensator, IMRT, field-in-field, treatment 
planning. 

I. INTRODUCTION  

Intensity modulation across the radiotherapy x-ray beam 
can be accomplished by either segmenting the field aperture 
with a multi-leaf collimator (MLC), or by introducing vari-
able-thickness attenuators (compensators) [1]. 

Compared with MLC-based IMRT, compensator-based 
IMRT has the advantages of shorter treatment times [1-3], 
less monitor units [4] with less potential secondary carcino-
genesis, better optimization-to-deliverable dose conversion 
[5], and usually better target conformity [6, 7]. Prolonged 
fraction time could reduce treatment efficiency [8]. Com-
pensator-based IMRT in combination with a high dose rate 
linear accelerator would biologically enhance the treatment 

efficiency. Disadvantages of compensator-based IMRT 
include additional time for the compensators to be built and 
delivered, as well as extra cost. In the treatment of abdomi-
nal and pelvic cancers, a change in weight before or during 
treatment is a frequent clinical problem because of the pa-
tient developing nausea as well as loss of appetite. A re-plan 
would benefit the patient [9]. A new plan using the  
same compensators would save time without adding any 
extra cost. 

II. METHODS  

A. Clinical Cases 

The four cases included in this study were all pancreas 
cancer cases. A total dose of 50 Gy was prescribed to 95% 
of the PTV in Case 1, with 2 Gy per fraction in 25 daily 
fractions. The other three cases were treated to 45 Gy to 
95% of the PTV with 1.8 Gy per fraction in 25 fractions.  
The patient treated to 50Gy had borderline resectable dis-
ease so a dose painting strategy of 50Gy to gross disease 
and 45Gy to the clinical target volume was designed with 
volumes drawn on 4D CT scans to account for respiratory 
motion.  In the other three cases, the patients had locally 
advanced disease and were treated on a protocol specifying 
that all target volumes receive 180cGy per fraction.   Com-
pensator-based IMRT was chosen to optimize coverage to 
targets moving with respiration. All four patients lost 
weight during the treatment course. Re-planning was per-
formed to confirm tumor localization after weight loss and 
to reduce the possibility  of overdosing. 

B. Treatment Planning 

The original treatment plans and the new plans on the 
new CT images were generated using the XiO® planning 
system (Version 4.34.02.1, CMS, Inc, St. Louis, MO, USA) 
for an Oncor linear accelerator (Siemens Medical Solutions 
USA, Inc. Malvern, PA). A five-beam IMRT plan was 
originally generated for each case. Based on the fluence 
maps of the intensity modulated beams, the brass compen-
sators were manufactured by a commercial vendor 
(.decimal, Inc. Sanford, FL, USA).  
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New CT scans were taken for treatment planning pur-
poses when weight loss was noticeable. The new CT images 
were registered to the original set. Contours of target vol-
umes were copied to the new CT images. Contours of the 
normal structures were drawn on the new CT. The original 
IMRT beams were copied to the new CT aligned to the new 
isocenters. The PTV coverage is higher with increased hot 
spots if the number of monitor unit (MU) is not reduced for 
the new plan, due to decreased treatment depth. The MU of 
each beam were reduced proportionally, so that the PTV 
coverage was the same as in the original plans. With the 
reduced MU and same coverage to the PTV, the new plans 
often demonstrate worse dose homogeneity. The hot spots 
could be a few percentage points higher compared to the 
original plan. MLC-defined Field-in-Field (FiF) beams, 
often two of them, are introduced in the new plans to reduce 
the hot spots. The FiF beams were added to the existing 
beams with compensators, so that the therapists did not have 
to enter the treatment room to remove the compensators to 
deliver the FiF beams. The selection of the beams to add 
FiF beams is based on the locations of hot spots in the 
beam’s eye view (BEV). The hot spots are easier to block 
when they are close to the edge in the BEV. Since the MLC 
cannot block “island” areas, for the beams with the hot 
spots in the center of the aperture, FiF can hardly improve 
the dose homogeneity. 

III. RESULTS  

Usually, the original isocenter is determined before the 
PTV is contoured. The generation of isocenter and the PTV 
volume is not related in the planning software. After the 
registration of the new CT to the original, the old PTV is 
copied to the new CT. The original isocenter is not auto-
matically copied to the new CT. Careful placement of the 
new isocenter is essential for a good plan. The new isocen-
ter is often not at the same location as the original one in 
relation to the external markers on the isocenter tattoos. 
Shifts are applied after the patient is triangulated on the 
original tattoos for treatment with the new plan. Table 1 
lists the shifts needed for the four cases. In the table, 
AP=Anterior – Posterior, SI=Superior – Inferior. Positive 
values are towards Anterior, patient Right, and Superior 
directions. 

Table 1 New isocenter shifts relative to the original isocenters 

Case AP/cm Lateral/cm SI/cm 
1 0.9 0.1 1.0 
2 1.2 0.4 0.9 
3 0.0 -0.1 1.2 
4 0.5 0.0 0.0 

 

With this technique, the plan based on the new CT set 
typically exhibits the dosimetric quality similar to the origi-
nal one. This would not be the case without the added FiF 
fields. One example is discussed in detail here. In Case 1, 
the plan was modified on the new planning CT two weeks 
into treatment due to weight loss. The FiF modification was 
only applied to the two of the five beams. Without the FiF 
fields, the high dose in the PTV of the plan on the new CT 
was 111% of the prescribed dose. With the FiF modifica-
tion, the hot spot was reduced to 105%, which was only 
slightly higher than the original plan. Table 2 shows the 
reduction of high doses in four cases. In one of them (Case 
3), the dose homogeneity was even better than that in the 
original plan.  

Table 2 Percentage high dose in PTV in reference to the prescribed dose 

Case Original New without 
FiF New with FiF 

1 103.2% 111.4% 105.4% 
2 103.8% 111.0% 107.0% 
3 112.2% 116.7% 111.6% 
4 104.9% 109.3% 106.3% 

Fig 1 shows a comparison of the isodose lines of Case 1 
between the plans on the new planning CT with and without 
the FiF modification. Dose homogeneity improvement can 
be clearly seen. 

 
Fig. 1 A transaxial view of the comparison of the isodose lines between the 
plans on the new planning CT with and without the FiF modification. (A) 
the plan without FiF modification; (B) with modification. Hot spot reduc-
tion can be seen in this figure 

The dose homogeneity improvement is not only reflected 
in the maximum relative dose reduction. For the same per-
centage level, the size of the hot spots is also reduced. For 
example, in Case 3, 8.0% of PTV receives 110% dose in the 
new plan without FiF, while 0.8% PTV receives the same 
relative dose in the new plan with FiF. Fig. 2 shows the 
comparison of the percentage volume of PTV covered by 
the 105% isodose. 
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Fig. 2 The hot spot size reduction of the new plans . The percentage vol-
ume of PTV covered by 105% of prescribed dose never reached the level 
of the original plans for all the cases, but improved when FiF were added.  

 
Fig. 3 DVH Comparison. (A) Original plan on the original CT; (B) New 
plans with and without FiF modification on the new planning CT. The plan 
with added FiF fields not only reduced the hot spot, but also improved PTV 
coverage compared to the original plan. No significant dosimetry differ-
ences for the normal structures are observed in this case 

The PTV coverage of the new plan could be improved 
with the FiF modification compared to the original plan on 

the original CT. In Case 1, originally 97% of PTV50 re-
ceived 50 Gy, while with the new plan 100% of the PTV is 
covered. This better coverage was the major reason that the 
maximum dose in the new plan was often slightly higher 
than that in the original one, and they would be about the 
same if the PTV coverage was scaled down to the same 
value.  

IV. DISCUSSION 

The reduction of hot spots using this technique depends 
on their location. If the hot spots are on the edges of the 
beam aperture in one or more BEV, the sizable reduction is 
easy to make. Further reduction cannot be achieved once the 
hot spots are no longer at the edges of any BEV aperture. 
For the plans with hot spots in the center of all the BEV 
openings, the FiF technique can do little to improve the 
dose homogeneity. Because of this, usually only one or two 
beams can be used to add FiF. 

The normal structures were contoured on the new CT and 
they were often quite different from the ones on the original 
CT. In most cases, the DVH changes for the normal struc-
tures were more significant than that of the PTV.  

The dose homogeneity improvement is achieved by add-
ing the FiF fileds to the new plans. The maximum dose 
reduction is a result of the combination of MU reduction 
and the FiF modification of the new plans.  

V. CONCLUSIONS  

Failure to account for weight change during IMRT treat-
ment of the abdomen could lead to suboptimal target cover-
age and normal tissue doses exceeding constraints.  To save 
time and cost, the original compensators can be used to 
generate a new IMRT plan when the patient’s weight 
changes during treatment. Adding a few field-in-field seg-
ments  can achieve a plan on the new CT, which is dosimet-
rically very similar to the original one.   
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Single-Pulse-Resolved Dosimetry with Miniaturized Detectors in Teletherapy 
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Abstract—Classical dosimetry uses a measurement chain of 
an ionization chamber and an electrometer. The measurement 
result is the dose rate integral over a certain time, usually a 
few seconds. Smaller field sizes in today’s teletherapy result in 
higher dose gradients and non-equilibrium conditions. This 
makes it necessary to reduce chamber size to a few cubic mil-
limeters. The reduced signal competes against parasitic effects 
inside the dosimeter, the cable and the connectors. 

Teletherapy uses accelerators with a 4 Hz – 400 Hz a pulse 
repetition rate and pulse durations smaller than 10 µs. The use 
of fast charge amplifiers and AD converters enables real-time 
pulse-shape analysis. The signal and parasitic components can 
be separated by their different time-structure. This enhances 
the signal’s linearity und trueness of location. Malfunctions are 
discovered early. The resulting dose signal of single pulses is 
shot-noise limited. Thus, additionally, information about the 
local components of the radiation field is gained by statistical 
methods depending on the specific detector material. The use 
of different material semiconductor detectors might deliver 
some spectroscopic information in the future. 

Keywords—Clinical dosimetry, charge-amplifier, micro-
chamber, microdosimetry, semiconductor detector. 

I. INTRODUCTION 

The traceable measurement of dose in radiation fields 
with lateral dimensions below 5 cm is a challenging task. 
There are limits of conventional technology for this small 
field dosimetry due to non-equilibrium conditions and poor 
signal-to-noise ratios. Although in today’s medicine, meth-
ods using small fields – like intensity modulated radiation 
therapy (IMRT) – are well established, there is still a lack of 
appropriate measurement methods and standardization. For 
this purpose there are presently large international efforts in 
the frame of a EURAMET Joint Research Project [1]. 

Basically there are two kinds of probes for small fields: 
directly indicating and integrating ones. To the first belong 
diodes, diamond detectors and small ionization chambers 
(IC), to the second belong alanine, films, photolumines-
cence storage screens, mos-fet probes and calorimeters. The 
water calorimeter is the primary standard for the unit Gray, 
but it is not suitable in every day’s use. This work shall 
show a third way to enhance the performancee of directly 
indicating probes and to extract additional microdosimetric 
information [2]. 

II. A NEW APPROACH TO SMALL FIELDS 

A. Single-Pulse-Resolved Dosimetry (SPR-D) 

The main purpose of this technique is to reduce noise and 
unwanted background. One further goal is to reduce the 
measurement time for accounted measurement accuracy to 
the physical limit. This can be reached by use of the fact, 
that teletherapy accelerators are pulsed sources with defined 
duty cycles of at least 2.5 ms. The idea is using a 
well-known and elaborated technique: fast charge sensitive 
preamplifiers (CSPs) as known for devices for gamma  
spectroscopy.  

Figure 1 shows the signal processing path, as realized for 
the experiments shown later. The main components are 
hybrid CSPs of the Cremat CR series [3]. The stated noise 
equivalent of the most sensitive CSP available, CR-110, is 
200 electrons plus 4 electrons per pF (cable + sensor capac-
ity). The feedback of this CSP consists of a 1.4 pF and 
100 MΩ combination. The decay constant is 140 µs.  

The rising time is limited after a 25 m coax cable with a 
simple RC filter of time constant 22 µs. This delays the 
maximum of the signal behind the accelerator’s thyratron 
pulse disturbance and acts as an anti-aliasing filter for the 
AD converter (figure 2). The software detects the maximum 
value and generates the trigger by software recognition. Due 
to hardware, there is a sampling repetition time of 4 µs. The 
remaining jitter does not disturb the signal maximum’s 
recognition. Alternative possibilities are a hardware trigger 
and the integration of intervals. The signal processing chain 
can be calibrated with a pulsed charge source, for example, 
realized with a self-made low-noise optocoupler. A  noise of 
1000 electrons rms per pulse has been proven. 
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Fig. 1 Signal processing. An ionization chamber or a solid state detector is 
connected to the input. In the case of a diode no bias is necessary: the use 
of a coaxial connection instead of a triaxial connection would be sufficient 
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Fig. 2 Schematic diagram of the time-resolved preamplified and shaped 
signal of a fast response probe 

The complete measurement chain consists of the signal 
processing chain, the connecting cable and the dosimeter 
probe. It has to be calibrated as a complete system. Due to 
the low system cost, when realized with a CSP and a micro-
controller, it can be treated as a digital indicating dosimeter 
unit. 

The housing of the CSP and the sensor cable has to be 
constructed very carefully as they remain at a maximum 
distance of one meter to the beam. Non-insulated surfaces 
might collect charges, cables could be polarized by radia-
tion. The microphonic currents of the equipment must be 
reduced by the use of short, low acoustic noise cables be-
tween the probe and the CSP. The sensitivity of the CSP to 
scattered radiation has to be tested with a null experiment; 
the sensitivity of the cable by direct irradiation. 

Figure 2 shows a schematic signal. Residual parasitic 
volumes in ion chambers and cable connections have diffu-
sion time constants of several ms, whereas microchambers 
and semiconductor sensors – including diamond detectors – 
have time constants in the regime of microseconds like the 
pulse duration of the accelerator itself. The parasitic signals  
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Fig. 3 The measured signal’s bias-voltage dependence of a small chamber 
(PTW 31014, 15 mm3 air). Low voltage leads to a slow charge collection. 
The signal is not completely symmetrical with the voltage’s sign. The 
offset is substantially the offset of the charge sensitive amplifier 
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Fig. 4 Measured signal of a planar micro-chamber (Exradin model 14, 
2 mm3 air, 100 V). Duty cycle is 13 ms. It is assumed that the signal arises 
from the charge collected inside the homogeneous electrical field and from 
slowly drifting charges 

appear as a saw tooth with an additional DC component that 
normally contributes to a conventional measurement. Dur-
ing the pulses, EMC pulses might occur, if the screening 
and common mode rejection is imperfect. There may be 
microphonic currents, which are not synchronous to the 
pulsing, due to acoustic noise and other electromagnetic 
interference. 

Figure 3 shows the measured signal of a commonly used 
small ionization chamber in dependence of the supply volt-
age. The radiation for all shown experiments is produced by 
an Elekta Precise accelerator with a nominal 8 MV photon 
beam quality. The resulting signal shape is a convolution of 
the radiation pulse duration, the rising time of the RC filter, 
the CSPs’ decay time and the ion collection time of the IC. 
The latter is sufficiently smaller than the duty cycle of the 
medical accelerators for chamber volumes which are at least 
smaller than 1 cm3.  

Microchambers with a volume smaller than 20 mm3, in 
particular smaller than 2 mm3, are the only possible candi-
dates for the traceable dose measurements in IMRT radia-
tion fields. To reach the required one-year reproducibility is 
technologically demanding, for diodes or diamond-detectors 
probably impossible. Figure 4 shows the single-pulse-
resolved signal of an IC with nominally 2 mm3 air volume.  

The signal arises from a quickly collected (peak) charge 
– collecting time constant much smaller than 140 µs – and 
from an exponentially decreasing (parasitic) charge current 
with a 6.9 ms time constant. The peak charge can be calcu-
lated with the known sensitivity of 1.2 V/pC and the para-
sitic charge with the transimpedance amplification of  
100 MΩ: the peak charge is about 40 fC, the parasitic 
charge, calculated from the integrated current, is 240 fC. It 
is not yet known whether this parasitic charge is created in 
the dead volume of the chamber or some dead volumes in 
the preamplifier. 
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Nevertheless, neither this parasitic pulsed current, nor 
any DC current, for example by inappropriate insulation, are 
limitations to the signal-to-noise ratio.  

B. Physical Aspects of  Miniaturized Detectors 

A simple estimation for smaller ionization chambers or 
miniature semiconductor diodes shows that - with the tech-
nique introduced in the previous chapter - aspects of micro-
dosimetry have to be considered: a microchamber with a 
sensitive volume of 30 mm3 air has a response of 1 nC/Gy, 
as a single shot of a typical teletherapy accelerator in photon 
mode is 300 µGy at the central dose depth curves’ maxi-
mum. Thus a total charge of two million electrons is gener-
ated and the Poisson-noise limit is below 0.1%. 

Depending on the energy imparted to the sensitive detec-
tor volume and the W-value, the shot-to-shot noise exceeds 
the Poisson-limit by far. At first, Bengtson [4] described the 
variation method for using the variance of dose measure-
ments to generate an additional beam quality descriptor. A 
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Fig. 5 Lateral scans of detectors with different active materials in 10 cm 
water depth in a 10 cm × 10 cm , 8 MV field. The ordinate is rescaled to 
electrons by the estimated amplification factor of the CSPs used. The 
horizontal bars are the  16% and 84% percentiles of 1600 single shots  (5 
seconds) 

complete overview of microdosimetric terms and definitions 
can be found in [5]. A newer publication [6] describes a 
simple gated amplifier for use in real-time radiation quality 
measurement. 

For measurements with teletherapy accelerators the tech-
nically caused pulse-to-pulse dose variation might domi-
nate. With synchronous use of, at least, two identical detec-
tors, this could be eliminated with the variance-covariance 
method [7,8]. Alternatively, a reference dose monitor of 
sufficiently high response, low noise, might be used for 
scaling.  

In the first measurements shown in figure 5 neither a 
parasitic current correction nor a reference detector re-
scaling is applied. Three lateral scans in a 10 cm × 10 cm 
radiation field in 10 cm water depth are shown. The probes 
are: an encapsulated rectifier silicon diode, a commercial 
small IC and an encapsulated GaN luminescence diode. 
Both self-made detectors were preirradiated with several 
10 kGy in 60Co radiation. The figure shows the mean charge 
induced from an average over about 1600 pulses and, addi-
tionally, the 16%- and 84%-percentiles. Especially for small 
numbers of primary events detected, the fluctuation be-
comes significant. Thus the description with a symmetric 
Gauss-distribution and its standard deviation becomes in-
adequate. For the following this is suppressed. 

Using the theory of the variance method [5,7]: 

( ) zzVzD ⋅= ,                     (1) 

where z denotes specific energy imparted (stochastic value 
of dose), V relative variance and the subscript D the dose 
weighted average of single events. Under the assumption, 
that the dose and the collected charge are proportional and 
non-stochastically connected with the calibration factor, a 
similar relation holds for the charge collected.  

( ) qqVqJ ⋅= ,                       (2) 

The value of the mean charge q;¯ can be read in figure 5. 
The square of the average relative deviation between the 
16%/84% percentiles and the mean value gives the relative 
variance V(q). Table 1 shows calculated mean single event 
numbers and mean charge per single event Jq .  

Table 1  Microdosimetric description of a single pulse 

Mean event no./ 
Av. charge in e 

Si diode IC 30 mm3 GaN diode 

Position 0 mm 1008 / 19845(*) 8240 / 95 51 / 2436 
Position 100 mm 59 / 11161 177 / 178 8 / 2139 
(*) might be overestimated due to accelerator’s instability 
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The higher average charge per event in the outer radia-
tion field measured with the IC is caused by the higher LET 
of the secondary electrons generated by scattered photons. 
The diodes are a different kind of detectors. The silicon 
diode is a sandwich of 1.2 mm in square plates: 200 µm 
copper, 400 µm resin, 200 µm silicon and 200 µm copper 
housed in resin. The first copper layer strips electron show-
ers from higher energetic photons. These are completely 
absorbed by the silicon detector 400 µm downstream. So a 
small number of incident photons produces the main signal 
component. The GaN diode is a surface diode, but with – in 
comparison to silicon or air – a hundred times enhanced 
mass energy absorption coefficient for photons in the range 
between 100 keV and 200 keV. Scattered lower energy 
photons dominate in the outer field area. Therefore the 
measured signal is enhanced in relation to the center field.  

III. CONCLUSIONS AND OUTLOOK  

Single-pulse-resolved dosimetry is a new approach of 
dose determination. It might satisfy the needs for metrology 
of therapeutic small radiation fields, especially for IMRT. 
Shot noise limited measurements can reach a sufficient 
precision in single seconds of acquisition time with even 
small air-filled ionization chambers of a volume of around 
1 mm3. Technological limits in chamber size downscaling 
are overcome using time-resolved signal analysis. 

Moreover, information about the excess shot noise is in-
cluded. By microdosimetric evaluation, an additional radia-
tion quality descriptor, dependent on the LET of particles in 
the radiation field at the actual position is gained. In con-
trast, the classical beam quality index TPR20,10 is a descrip-
tion of a complete extended field. This might be the only 
way to describe small, irregularly formed, non-equilibrium 
radiation fields. 

Alternatively a combination of field measurements with  
detectors of different materials, possibly in the form of twin 
detectors, could extract some spectroscopic information. A 
similar idea, using a pair of differently walled ICs for the 
determination of stray fields, has been published previously 
[9]. A sophisticated selection of pairs could allow a calcula-
tional combination to reach a virtual water equivalent detec-
tor – even in irregular fields. One candidate is a pair of  
sub-mm Si/GaN crystal detectors. All in all some effort in 
detailed Monte-Carlo-simulation of small detectors is 
needed, but this is conceivable due to the progress in MC 
codes. 

This work has to be continued. It offers an inexpensive 
flexible technology and it can gain much more new scien-
tific knowledge about beam quality descriptors for small 
radiation fields.    
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Abstract—Trastuzumab is a monoclonal antibody that is 
used in biotherapy of the human breast cancer. We labeled 
this monoclonal antibody with lutetium-177 and performed 
the in-vitro quality control tests as the first step in 
production of a new radiopharmaceutical for the therapy of 
the human breast cancer. The trastuzumab was labeled with 
lutetium-177 via DOTA as chelator. The stability in the 
buffer and in the human blood serum were determined using 
thin layer chromatography. The immunoreactivity and the 
toxicity of the complex were tested on MCF7 breast cancer 
cell line. The stability in phosphate  buffer and in human 
blood serum at 96 hrs post preparation were 93%±1.2% and 
%85±3.5% respectively. The immunoreactivity of the 
complex was %87±%1.5.  The complex in concentration of 
1 nM killed 80%±03% of the MCF7cells.. The results 
showed that the new complex could be considered as a new 
radiopharmaceutical for radioimmunotherapy of the breast 
cancer. 

 
 

 
Keywords— Lutetium, trastuzumab, HER2 antigen, breast 

cancer 
 

I. INTRODUCTION  

Cancer treatment with radioimmunotherapy (RIT), 
consisting of radioactive material suitable for therapy 
coupled to monoclonal antibodies (mAbs), has been the 
focus of research for more than 2 decades.177Lu  is one of 
the radionuclide that is suitable for radioimmunotherapy . It 
has a 6.65 day half-life, a high energy β

- emission similar to 
131

I, and a low 11% abundance of 208 keV γ- rays which 
can be imaged with conventional gamma cameras. Also it is 
of particular interest since it can be produced with high 
specific activity. [1] 

Amplification of HER2/neu (ErbB2) occurs in 20-30% of 
early-stage breast cancers.[2] Trastuzumab (Herceptin) is a 
humanised IgG1 monoclonal antibody directed against the 
extracellular domain of the human epidermal growth factor 
receptor 2 (HER2). Trastuzumab has had a "major impact in 
the treatment of HER2-positive metastatic breast cancer.  
One of the significant complications of trastuzumab is its 
effect on the heart. Trastuzumab is associated with cardiac 
dysfunction in 7-10% of cases. [3] physicians are balancing 
the risk of recurrent cancer against the higher risk of death 
due to cardiac disease in this population The risk of 
cardiomyopathy is increased when trastuzumab is combined 
with anthracycline chemotherapy (which itself is associated 
with cardiac toxicity). Furthermore, Trastuzumab costs 
about seventy thousand US dollars for a full course of 
treatment.  
So, to enhance Trastuzumab efficacy and reduce the side 
effects and cost, we have conjugated Trastuzumab with 
lutetium 177 indirectly, and performed all the quality 
control tests (invitro and  in vivo)and evaluated the 
therapeutical effects in MCF7 cells.  
 

II. MATERIAL AND METHODS 

 
177lu is achieved by bombardment 176Lu (176Lu2O3 

,CAMPRO scientific) in Tehran Research Reactor(TRR).  
Herceptin(Genentech) was labeled with 177lu via 
DOTA(Fluka) as a chelator. All the invitro quality control 
tests including labeling efficiency, in vitro stability at room 
temperature , in human blood serum and immunoreactivite 
test were performed. The biodistribution of complex was 
considered in normal mice after 4,24 and 48h. The 
therapeutical effects of  Herceptin-DOTA-Lu was down on 
MCF7 cells(purchased from Pasteur Institute, Iran) in 0-30 
nM and in 24-96 h after treatment. 
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III. RESULTS  

The labeling efficiency was %96 ±1.3 . The in vitro stability 
at room temperature and in human blood serum up to 96 
hours were %93±1.2 and %85.±3.5  respectively and the 
immunoreactivite was calculated %87± 1.5 for MCF7 cells . 
The results of biodistribution in mice showed that there is 
no significant accumulation in any vital organs up to 48 
hours post injection.The therapeutical effects after 24 h was 
shown in Fig 1. The relative cell numbers were treated with 
Herceptin  and Herceptin-Lu were %57 and %20 
respectively in 1nM. 

IV. CONCLUSIONS 

The Herceptin antibody can be efficiently labeled with 177Lu 
without major loss of immunoreactivity, and treated  breast 
cancer cells in low concentration of Herceptin(1nM) . In 
other hand, this complex can reduce likelihood of 
generating a human antibody response and may consider be 
a new complex as a potential radiopharmaceutical for 
therapy of human breast cancer which needs further 
investigations.  
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Abstract— The number of verification portal images in radio-

therapy has increased notably in the last years as a consecuence

of newer, more precise treatment modalities. On the other hand,

radiation delivered during imaging is not confined to the treat-

ment volumes, but also affects the surrounding organs and tis-

sues. Both facts could become a concern in treatment modalities

as Image Guided Radiotherapy (IGRT) or adaptive radiother-

apy.

The radiation dose due to imaging procedures could be low-

ered by a reduction in the dose per image, but the quantum

noise should become higher and, as a consecuence, image qual-

ity should deteriorate. On the other hand, the limited quality of

portal images makes difficult to propose dose reduction if there

is no way to deal with noise increment.

In this work we study the denoising of portal images by

wavelet-based denoising algorithms. The wavelet-based algo-

rithms used are the minimization or the Stein’s Unbiased Risk

Estimator (SURE) for a linear combination of derivatives of

Gaussians (Linear Expansion of Threshold or LET) and the

Bayesian least squares estimate of wavelet coefficients with

Gaussians Scale Mixture as prior (BLS-GSM).

In order to evaluate both algorithms the results obtained are

compared to those obtained with a local Wiener estimator. We

found that SURE-LET and BLS-GSM algorithms produce bet-

ter visual results than local Wiener estimation. The same is con-

firmed by the Improvement of Signal to Noise Ratio (ISNR) val-

ues reached by each algorithm.

The quality of the reconstructed images make us believe that

the results obtained are very encouraging for exploring forms of

reducing the radiation doses associated to portal image in radio-

therapy.

Keywords— Portal Image, Wavelets, Denoising.

I. INTRODUCTION

The evolution of radiotherapy is parallel to the increase of
the number of portal images used for each treatment. Modern
radiotherapy gives higher radiation doses to tumor volumes,
while at the same time keeps the dose for organs at risk under
tolerance levels. The resulting requirements on accuracy re-

quest an increase in the number of verification portal images.
Therefore, the image plays an increasing role in emerging ra-
diotherapy techniques. This is the case for IGRT and adaptive
radiotherapy.

In order to keep low the dose levels one possible solution
should be the reduction of dose per image, but the image qual-
ity should become lower. On the other hand, when the image
is created by the therapy x-ray beam itself, the quality is also
strongly constrained by the low contrast and limited spatial
resolution that can be reached given the nature of the high
energy radiation sources used for therapy. These facts make
difficult to propose dose reduction if there is no way to deal
with noise increment.

The negative effect due to noise increment associated to
the dose reduction can be compensated by means of denois-
ing algorithms. Denoising algorithms have been developed
for the restoration of images in many research fields as, for
instance, natural images.

Various kinds of algorithms have been applied to denois-
ing of natural images with more or less success. In recent
years wavelet-based denoising algorithms have shown to out-
perform most of the conventional algorithms in terms of risk
or mean squared error.

In the wavelet domain the essential information in an im-
age is compressed into few, large coefficients, which are lo-
cated in the areas of spatial irregularities as edges, corners,
and peaks [1]. On the other hand noise is spread over all co-
efficients, and at typical noise levels the important signal co-
efficients can be well recognized.

The first wavelet-based method for image denoising was
wavelet thresholding [2]. Wavelet thresholding is a non lin-
ear projection oracle. The oracle keeps only those coefficients
that are above a given threshold. One characteristic of wavelet
thresholding is the reduction of noise and the preservation of
edges in the image. This desirable characteristic marks the
difference with linear filters, where the noise reduction and
the smoothing of boundaries are committed.

In the last years a number of methods that work in the
wavelet domain have been developed. In this work we use
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[e]
Fig. 1: Denoising algorithms applied to a portal image with added noise. a)
Original portal image. b) Noisy image after adding AWGN of 34.2 dB of

PSNR. c) Wiener. d) SURE-LET. e) BLS-GSM.

Table 1: ISNR (in dB) for the pelvis image in Fig. 1a versus noise for the
different denoising algorithms used.

Noise PSNR (dB) 34.2 28.1 24.6 22.1

Wiener 10.67 11.87 12.14 12.07

SURE-LET 12.61 15.93 17.64 18.67

BLS-GSM 12.74 15.86 17.55 18.69

two of them: the first one minimizes the Stein’s Unbiased
Risk Estimator for a linear combination of derivatives of
Gaussian functions [3] the second one is a Bayesian Least
Square estimate that uses a mixture of scaled Gaussian as
prior [4].

In order to evaluate both algorithms the results obtained
are compared to those obtained with a local Wiener estima-
tor. This filter performs a two dimensional adaptive noise-
removal filtering from statistics estimated from a local neigh-
borhood of each pixel.

II. MATERIAL AND METHODS

Portal images were acquired for patients during the course
of their treatment. All the images were acquired in a clinical
linear accelerator, an Elekta (Elekta Medical) Precise linear

accelerator. The beam used for image acquisition was mainly
the 6 MV photon beam, although in some occasions the 15
MV photon beam was used, for instance when the imaged
body thickness was high.

The accelerator was installed with a camera-mirror-screen
Electronic Portal Imaging Device (EPID). In this system inci-
dent particles on the screen produce visible photons. The re-
sulting image is captured by a CCD camera. Three anatomic
localizations where studied: pelvis, thorax and head and neck.

In order to simulate the reduction of dose in portal images,
Additive White Gaussian Noise (AWGN) has been added to
portal images obtained with standard doses. The amount of
noise added was measured by means of its Peak-Signal-to-
Noise-Ratio (PSNR), the ratio between the maximum possi-
ble power of the image and the power of the noise expressed
in terms of the logarithm decibel scale,

PSNR = 20log
(

255
σ

)
, (1)

where σ stands for the noise standard deviation. The quality
of denoising was evaluated by the Improvement in Signal to
Noise Ratio (ISNR) defined as

ISNR = 20log
( ||x− y||
||x− x̂||

)
, (2)

where x is the original image (before noise is added), y is the
image with added noise and x̂ is the restored image.

The algorithms were implemented in Matlab and executed
in a 2.0 GHz dual-processor computer.

III. RESULTS

Fig. 1a shows the original image, a portal image of the
pelvis corresponding to a prostate cancer treatment. Fig. 1b
shows a noisy image obtained after adding AWGN to the
original one. The PSNR of the added noise is 34.2dB. The
remaining images in Fig. 1 show the result of applying de-
noising algorithms to the noisy image. In Fig 1c it is shown
the result of applying the Wiener denoising filter (10.67 dB
of ISNR). Fig. 1d shows the denoised image obtained after
the SURE-LET denoising, in this case the ISNR is 12.61 dB.
Fig. 1e shows the denoised image produced by the BLS-GSM
algorithm (ISNR of 12.74 dB).

In order to evaluate and compare the performance of the
three algorithms, the ISNR is represented in Table 1 as a func-
tion of the PSNR of noise added to the original image in Fig.
1a. This table shows how the SURE-LET and BLS-GSM al-
gorithms improve the results of Wiener denoising technique
for all the values of noise.
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Table 2: Computation time for the pelvis image in Fig. 1a (noise PSNR of
34.2 dB) for the different denoising algorithms.

Algorithm Computation time (s)

Wiener 0.2

SURE-LET 1.8

BLS-GSM 21.3

Finally, Table 2 shows the results for the calculation time.

IV. CONCLUSION

The results obtained using wavelets show a good perfor-
mance with regard to noise removal for portal images. In ad-
dition, wavelet based algorithms are fast enough to be imple-
mented online in radiotherapy portal image procedures.
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Abstract—We have implemented an incident learning sys-
tem designed for a radiation treatment program where any 
unwanted or unexpected change from a normal system behav-
ior that causes or has the potential to cause an adverse effect to 
persons or equipment is reported, investigated and learned 
from. This system thus captures potential or near-miss in 
addition to actual events. Incidents are categorized according 
to severity, type and origin. After investigation, basic cause is 
assigned by asking a series of “why” questions and remedial 
action determined. Our results two years after implementation 
show a steady accrual of 658 and 686 incidents per year during 
2007 and 2008 respectively, indicating good compliance with 
reporting. The majority of incidents reported are minor, re-
sulting in less than 5% dose error, or potential, not impacting 
patient treatment in any way.  Our results show a substantial 
reduction in actual incidents of 27% in the second year as 
compared to the first year, which we attribute to the many 
interventions instituted over the last 2 years resulting from the 
analysis of incidents reported. We have found that the incident 
learning system has helped us to establish a just environment 
where all staff members are able to report all deviations from 
normal system behavior and thus generate evidence to initiate 
process improvements to help manage errors our radiation 
treatment program. 

Keywords—Adverse incidents, radiation treatment, incident 
learning. 

I. INTRODUCTION 

The management of error in radiation treatment is a 
complex challenge by virtue of the large number and com-
plexity of tasks required. In recent years, increased automa-
tion in the form of custom shielding through multileaf  
collimation and automatic electronic transfer of treatment 
parameters from the planning system to the delivery unit 
has helped to reduce the type of errors encountered. How-
ever, there remains many tasks such as set up of the patient 
on the treatment couch and commissioning of treatment 
planning systems which cannot be automated and therefore 
are subject to human error [1,2]. In many respects, man-
agement of this error may be considered to be similar to that 
of error management in some industrial processes such as 
aircraft maintenance, for example [3]. We have adopted the 

theory of incident learning, a technique routinely applied to 
improve industrial maintenance processes, in an attempt to 
reduce adverse incidents in our radiation treatment program. 

II. METHOD AND MATERIALS 

We have implemented an Incident Learning System 
(ILS) designed for radiation treatment programs at the Tom 
Baker Cancer Centre, Calgary, Canada [4], with minor 
adaptation to fit our environment.. Our centre is a tertiary 
comprehensive clinical and academic cancer centre deliver-
ing approximately 70,000 treatment on 10 megavoltage 
units annually.  

An incident in our System is defined as: “any unwanted 
or unexpected change from a normal system behavior that 
causes or has the potential to cause an adverse effect to 
persons or equipment. Incidents are categorized into one of 
5 types: clinical (which do or could impact the clinical out-
come of the radiation therapy intervention), operational, 
occupational, environmental and security/other. Four levels 
of severity with respect to radiation dose and volume devia-
tion are defined:  critical, major, serious and minor. The 
original ILS [4] suggests five domains in which an  
incident could occur or be discovered, i.e., Assessment, 
Prescription, Treatment Preparation, Treatment Delivery 
and Follow-up.  We have temporarily removed the domains 
of Assessment and Follow-up in this implementation to 
focus on the radiation treatment process, adding a domain 
termed Booking to capture scheduling errors. Incidents 
discovered during routine quality control within the domain 
in which they occurred are taken to reflect normal system 
functioning and thus by our definition are not incidents and 
are not entered into the ILS. However, those events which 
propagated out of the domain of occurrence and thus dem-
onstrated a failure of the quality control program, were 
classified as incidents. 

Following investigation, the basic cause(s) is determined 
by asking a series of “why” questions until the basic or root 
cause is uncovered.  The classification of basic causes fol-
lows the scheme adopted by the original ILS [4] with nine 
categories: three relating to job factors, three to systematic  
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or management factors and three to personal and natural 
factors. Any process or practice changes (corrective actions) 
required to reduce the potential for re-occurrence were then 
identified by the team.  The final and important step in the 
System is the learning component. This is accomplished in 
several ways including the presentation of summary data to 
program staff, email alerts and the detailed discussion of 
selected incidents.  

Prior to implementation of the System, reference material 
was prepared and a program of staff education carried out to 
confirm senior management support and to attempt to estab-
lish a just environment in which every staff member is en-
couraged to freely report all incidents. A paper form was 
developed encompassing the initial report streamlined to be 
completed in 5 minutes or less, and all details of the subse-
quent investigation, learning and follow-up. 

A multidisciplinary team was formed which met weekly 
to discuss reports, assign severity, determine basic cause 
and initiate learning follow-up. An Excel spreadsheet was 
used to track reports, recording categorization and assigned 
basic cause. Additional educational sessions were scheduled 
regularly throughout the year to provide staff with feedback 
on reports generated and to encourage reporting.  

III. RESULTS 

This analysis is based on 658 incidents reported during 
2007 and 686 during 2008, with an average of 168 incidents 
reported per calendar quarter, range 123 to 205, Table 1. 
Although there were some fluctuation, there was no trend 
seen in reporting rates throughout the two years and the 
numbers of reports indicates good compliance with the 
expectation for reporting.  

Table 1 Incident accrual statistics 

 Q1 Q2 Q3 Q4 
2007     
Incidents reported 162 123 192 181 
Treatments delivered 18,119 17,512 17,942 17,335 
Treatments/incident 111.8 142.4 89.6 95.8 
2008     
Incidents reported 179 205 176 126 
Treatments delivered 17,194 17,173 16,279 16,203 
Treatments/incident 96.1 83.8 92.5 128.6 

The incident breakdown by severity (Table 2) shows a 
substantial reduction in critical, major and serious incidents 
during the second year of implementation. The distribution 
of incident category was remarkably similar for each year 

and the vast majority of incidents reported were classified 
as clinical, i.e., either actually compromising or with the 
potential to compromise the clinical outcome for one or 
more patients (Table 3). 

Table 2 Distribution of incident severity 

 Critical Major Serious Minor/Potential 
2007 1 4 20 633 
2008 0 2 5 679 

Table 3 Distribution of incident category 

 2007 2008 
Clinical 613 (93.2%) 643 (93.7%) 
Operational 33 (5.0%) 38 (5.5%) 
Occupational 3 (0.5%) 2 (0.3%) 
Environmental 2 (0.3%) - 
Security/other 7 (1.1%) 3 (0.4%) 

The distribution of the primary basic cause assigned to 
each incident is similar for each year and indicates that the 
majority of the incidents reported were assigned the same 
basic cause, i.e., that standards, procedures or practices were 
not followed, developed or adequately communicated (Ta-
ble 4). The second most common basic cause assigned was 
communication: either unclear, inadequate, lacking or mis-
understood. 

Table 4 Percentage of incidents assigned to each basic cause category 

Basic Cause Classification 2007 2008 

1  Standards/Procedures/Practices 81.8 76.6 
2  Materials/Tools/Equipment 1.2 3.0 
3  Design 2.0 0.9 
4  Work Planning 2.9 3.0 
5  Communication 7.6 9.6 
6  Knowledge/Skill 3.2 3.6 
7  Personal Capabilities 0.6 0.2 
8  Personal Judgment 0.3 1.9 
9  Natural Factors 0.3 0.3 

An analysis of clinical incidents with respect to domain 
shows that by far the most number originated in the treat-
ment planning domain (average 53.5%) with treatment 
prescription and delivery averaging 20% and 14% respec-
tively (Figure 1).  An increase in scheduling incidents in 
2008 was attributed to staffing reductions and subsequent 
redistribution of workload among the remaining members 
of the booking team. 
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Fig. 1 Location of clinical incident origin 

A plot of the incidents originating in the treatment prepa-
ration domain as a function of time reveals an increase in 
incidents reported in the third quarter of 2007 which corre-
sponds to the implementation of a new treatment planning 
system combined with a filmless and paperless process, 
Figure 2. The incident reports generated during the imple-
mentation phase of our new treatment planning process 
provided rapid feedback on issues arising from the imple-
mentation, enabling the management team to respond ap-
propriately, resulting in a steady reduction in the rate of 
incident reports during 2008. 
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Fig. 2  Frequency of incidents originating in treatment preparation as a 
function of calendar quarter 

A summary of issues leading to actual clinical incidents 
reported each year is given in Tables 5 and 6, illustrating a 
variety of errors with the potential to result in patient mis-
treatment of one kind or another. These data show that some 
of these errors appear to have been successfully addressed, 

notably shielding, imaging and bolus issues, whereas others 
such as geographic miss require more work.  

Table 5 Summary of volume-related actual clinical incidents 

Category 2007 2008 

Geographic miss 10 4 
Incorrect shifts from setup point 5 8 
Incorrect patient treated 2 - 
Incorrect volume 1 - 
Shielding incorrect 11 4 
Incorrect field size, field overlap 8 4 
Incorrect collimator angle - 2 
Positioning error 2 1 
CT errors 8 11 
Imaging errors 10 4 

Total 56 38 

Table 6 Summary of dose-related actual clinical incidents 

Category 2007 2008 

Incorrect dose/calculation error 5 5 
Scheduling errors/imaging field treated 2 2 
Pacemaker shielding 3 - 
Incorrect compensator 2 - 
Bolus issues 14 3 
Treatment with restricted parameter/beam 3 2 
Treatment in QA mode 1 - 
Incorrect accessories - 2 
Distribution error, two isocenters - 1 

Total 30 15 
 

An analysis of the actual clinical incidents originating at 
the treatment unit is shown in Figures 3 and 4.  During 
2007, units 1, 4 and 7 were multipurpose units treating a 
variety of disease sites, in addition to special techniques 
such as total body irradiation and stereotactic radiosurgery 
(unit 4). Units 5, 6 and 18 are largely dedicated to single 
disease site treatments and unit 2 is a tomotherapy unit 
where all treatments are performed with daily image-
guidance. Unit 3, with 2.6 times the average number of 
incidents occurring at a treatment unit, was a cobalt unit 
with no direct link to the treatment planning system, no 
multileaf collimator or intrinsic beam modulating capabil-
ity, and where the treatments were deliberately kept simple. 
The relatively high rate of incidents on this unit illustrates 
that perhaps the absence of high technology tools may be 
more prone to error, or alternatively, the use of a manual 
system in a department where all other treatment activities 
use automatic digitally-integrated processes is problematic. 

The data for 2008 shows a substantial drop in the average 
number of incidents generated at the treatment unit from 7.0 
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to 3.8 which may be due in part to the introduction of new 
equipment. Unit 3 was removed in early 2008, unit 20 is a 
new accelerator and unit 1 was replaced with a second to-
motherapy  unit, bringing the number of units with daily 
image guidance capability to 5.  Figure 4 shows that now 
unit 17 has 3 times the average number of incidents.  This is 
the only remaining accelerator in our clinic with no elec-
tronic imaging capability, indicating the higher potential for 
error when no immediate feedback on treatment volume is 
available prior to treatment.  Although a computed radio-
graphic (CR) system was in use on that unit, the images 
require processing outside the console area and this was 
usually done after treatment was complete. 
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Fig. 4 Actual incidents originating at the treatment unit during 2008 

Bird and Germain [5] have shown that for every critical 
incident, there are hundreds of potential and minor incidents 
and they suggest ratios of 1:10:30:600 for critical:ma-
jor:serious:minor categories.  Our experience with the ratios 

1:9:44:604 and 0:4:21:661 is broadly consistent with this 
theory and clearly shows a reduction in all severity catego-
ries other than minor during the second year of implementa-
tion.  We are encouraged to consider that this reduction may 
be attributed to the many interventions introduced into our 
processes as a result of the learning from incidents reported.  
Examples of these interventions include several methods 
attempting to reduce human error such as reduction of tran-
scription tasks, verbalization of treatment parameters prior 
to treatment delivery and adjustment of machine tolerances. 

IV. CONCLUSIONS  

We have described the analysis of data resulting from the 
implementation of a formalized Incident Learning System.  
A major advantage of the Incident Learning System in prac-
tical use has been its effectiveness at the individual health 
care professional level by enhancing the culture of safety 
and at the multidisciplinary team level by addressing quality 
improvement initiatives collaboratively and with transparent 
accountability.  Our results show that implementation of an 
effective incident learning system may serve to reduce the 
occurrence of actual incidents and will strongly encourage 
the reporting of potential incidents as a proactive means of 
enhancing safety and quality in a radiation treatment  
program. 
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Abstract—The aim of this work is to set up Monte Carlo 
dose calculation models for a breast cancer treatment with the 
combination of the MammoSite brachytherapy and external 
beam radiotherapy techniques using patient CT data. The 
Monte Carlo models have been verified with measurements. 
The results indicate that accurate models have been con-
structed. The concepts of equivalent dose and biological effec-
tive dose are used to combine the 3D dose distribution from the 
two modalities. 

Keywords—MammoSite, dose distribution, wedges, Monte 
Carlo. 

I. INTRODUCTION  

For patients with early stage breast cancer, lumpectomy 
followed by radiotherapy is the most commonly employed 
treatment technique. This approach has demonstrated a high 
local control rate equivalent to that of mastectomy [1-3]. 
Different radiotherapy modalities are available and include 
external beam radiotherapy (EBRT) to the whole breast, 3D 
conformal radiotherapy (3D-CRT), intensity modulated 
radiotherapy (IMRT), interstitial brachytherapy (IB) and 
more recently MammoSite brachytherapy (MB). 

The MB technique uses a MammoSite applicator (Cytyc, 
Marlborough, MA) consisting of a small balloon (4-5 cm in 
diameter) connected to an inflation channel and a catheter 
for the passage of a high dose rate 192Ir brachytherapy 
source. The device is placed into the tumour resection cav-
ity and inflated with a mixture of saline and radiographic 
contrast agent to a size that fills the cavity. The 192Ir brachy-
therapy source is placed at the centre of the balloon through 
a remote afterloader to deliver dose to the treated volume. If 
used as a monotherapy, the MB treatment course is com-
pleted within 5 days, delivering 2 fractions of 3.4 Gy per 
day at 10 mm from the balloon surface with a minimum of 6 
h between fractions [4]. The advantages, disadvantages and 
clinical outcomes associated with MB have recently been 
compiled [5]. 

For some patients, different radiation treatment modali-
ties can be combined to prevent the risk of the probability of 
tumour recurrence and to reduce tissue complications. At 

our institution, patients with early stage breast cancer were 
treated with the combination of MB and EBRT. The MB 
was used as a boost with prescriptions of 9-10 Gy at 10 mm 
from the balloon surface in two fractions of 4.5-5 Gy at 
least 6 h apart [6]. EBRT commenced 1-5 days after MB. 
During the EBRT procedure a total of 50 Gy was prescribed 
to the isocentre, at 2 Gy per fraction, using tangential fields 
and 6 and/or 23 MV photons, in 5 weeks, following the 
departmental protocol [7]. 

It would be highly beneficial to visualize the final (com-
bined) dose distribution from the two modalities to assist 
with an assessment of the treatment plans and of the treat-
ment outcome. Current radiotherapy treatment planning 
systems do not provide this option, so work has been under-
taken to provide this facility. In this study, the EGSnrc 
Monte Carlo (MC) code is used to calculate the dose distri-
butions using actual computed tomography (CT) images of 
a patient treated with the combination of MB and EBRT 
techniques. The concepts of equivalent dose (Deq) and bio-
logical effective dose (BEffD) are used to combine the data. 

II. MATERIALS AND METHODS 

A. MC Simulation of MammoSite Brachytherapy 
Treatment 

The EGSnrc MC code is used in the current study [8]. In 
this work the microSelectron HDR 192Ir brachytherapy 
source is modelled. It consists of a 3.6 mm long cylinder 
with a diameter of 0.7 mm, encapsulated in a stainless steel 
tube with outer diameter of 0.9 mm. DOSXYZnrc code was 
used to calculate the dose distribution for the simulated 
source [9]. In DOSXYZnrc code, the real 192Ir source was 
modeled as a parallelepiped of a rectilinear coordinates of 
0.6 mm x 0.6 mm x 3.6 mm. The photon emission from the 
modeled 192Ir source was assumed to be isotropic. The γ-ray 
spectrum for the 192Ir was taken from a published report and 
consists of 34 energy bins ranging from 0.060 to 0.885 MeV 
[10]. A suitable voxel size was investigated, by calculating 
the dose distribution for different voxels sizes from 1 x 1 x 
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1 mm3 to 5 x 5 x 5 mm3. Up to 1 x 109 incident particles 
were tracked in each simulation. 

Patient CT images were imported into the MC code and 
converted into patient geometry data using CTcreate code 
[8]. DOSXYZnrc code was used to calculate the dose distri-
bution in a patient geometry CT data [9]. In the simulation 
of MB treatment plan, the modeled 192Ir source was placed 
at the centre of the balloon with its axis aligned with the 
balloon axis. The voxel size of the 3D scoring geometry 
was 1.5 mm x 1.5 mm x 1.5 mm. Up to 2 x 108 incident 
particles were tracked resulting in an overall relative statis-
tical uncertainty of less than 2% and CPU running time of 
approximately 25 h. 

B. MC Simulation of External Beam Radiotherapy 
Treatment 

Conventional EBRT is typically delivered using two op-
posed tangential fields. This technique is designed to irradi-
ate the whole breast while sparing the normal tissues (lung, 
heart) using beam collimation. For accurate patient dose 
calculation using MC technique, it is important that the 
treatment beams are correctly modelled.   

The BEAMnrc was used to simulate Varian 600 C/D 
(Varian Oncology Systems, CA) linear accelerator with x-
ray beam energy of 6 MV [11]. Manufacturer specifications 
were used to set up the linear accelerator geometry using 
independent component modules supplied with the code. 
The model of the Linac has previously been generated and 
has been expanded for wedged fields in the current work 
[12]. Simulations were performed for physical wedge of 
angles 150, 300, 450 and 600 with 10 x 10 cm2 field size. 2 x 
108 electrons were simulated to produce a phase space file in 
air at a plane 100 cm away from the target. The phase space 
data is then used as input for dose calculation in water phan-
tom using DOSXYZnrc code. Calculated dose distributions 
in water were verified with measurements for a range of 
open and wedged fields. 

The Pinnacle3 treatment planning system (Philips Medi-
cal Systems, CA) is used to develop a treatment plan using 
the CT images of the same patient who previously under-
went MB treatment. The simulated treatment plan includes 
the number of incident beams, the direction of the incident 
beams and beam collimation. The BEAMnrc and 
DOSXYZnrc MC codes are used to simulate the treatment 
and calculate the dose distribution within a patient CT data 
respectively. 

C. Combination of Dose Distribution 

Combining the 3D dose distribution from the two mo-
dalities is not a straightforward task due to the differences in 

delivery mode, fraction size, dose rate and energy associ-
ated with each modality. Since these differences greatly 
influence the biological effectiveness, the concept of 
equivalent dose makes it possible to combine the final two 
dose distributions. In order to add the two dose distributions 
together, a standard reference modality needs to be selected 
for the calculation of the equivalent dose (Deq). Therefore, 
in this study, the Deq was calculated with respect to that for 
EBRT in 2 Gy fractions using the following equation [13]: 
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In equation (1), BEffD is the biological effective dose, dref 
= 2 Gy is the reference dose per fraction for conventionally 
fractionated EBRT treatment schedule, where α/β are ra-
diobiological coefficients. The BEffD is calculated by mul-
tiplying the total physical dose (TD) by a relative effective-
ness factor (RE) for the tissue under consideration using the 
following formula [14]: 
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The RE is a modifying factor that takes account of the 
radiobiological parameters (α/β ratio) and the type of radia-
tion delivery (EBRT or brachytherapy). The RE for HDR 
brachytherapy is given by the following relation [14]: 
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Here, λ is the radioactive decay constant (h-1), α/β are 
biological coefficients (Gy), R0 is the initial dose rate (Gy h-

1), μ (= ln(2) / T½ ) is the sub-lethal damage repair constant 
(h-1), T½ is the half-life of sublethal damage (hour) and T is 
the total treatment time. The values of the parameters α/β 
and T½ are obtained from the literature [15-17]. For MB, we 
first calculate the BEffD using the formula given in equa-
tions 2 and 3. We then obtain the Deq based on equation (1), 
and finally combine the two dose distributions. A 
MATLAB program has been developed to extract the 3D 
dose distribution matrix from MC simulations and to per-
form further calculations. 

III. RESULTS 

Several investigators have previously calculated the dose 
distribution for the 192Ir source using DOSRZnrc code [18]. 
In the current work the 192Ir source is modelled using 
DOSXYZnrc code which calculates the dose in a rectilinear 
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coordinate system. The 192Ir source was modeled as a paral-
lelepiped source with different dimensions of 0.5 mm x 0.5 
mm x 3.6 mm, 0.6 mm x 0.6 mm x 3.6 mm and 0.7 mm x 
0.7 mm x 3.6 mm. The choice of the dimensions was based 
on approximation of the cylindrical shape. In the source 
modeling, the dose distribution for the three simulated di-
mensions were was quite good as shown in figure 1. The 
volume of the real 192Ir source is 0.0014 cm3, and the vol-
ume of the simulated parallelepiped with dimension of 0.6 
mm x 0.6 mm x 3.6 mm is 0.0013 cm3. The surface area and 
the volume of simulated source differ only slightly by about 
7% from the real cylindrical source. Therefore, we expect 
that the differences of shape and volume between the real 
and simulated source would have no significant impact on 
the calculation of dose distribution in the breast from the 
MB technique at larger distances. Furthermore, the results 
of source modeling were verified with TLD measurements 
and were in a good agreement as shown in figure 2. The 
results have also showed that 1.5 mm x 1.5 mm x 1.5 mm is 
the suitable voxel size for MC modeling as reducing the 
voxel any further will increase the calculation time without 
improving the accuracy of dose distribution as illustrated in 
table 1. 
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Fig. 1 Relative dose fall-off along the radial direction (x-axis) for the 192Ir 
source modeled as a parallelepiped with three different dimensions 
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Fig. 2 Comparison of TLD measurements with MC simulation (the source 
modelled as parallelepiped with dimension 0.6 mm x 0.6 mm x 3.6 mm) 

Table 1 CPU time and dose ratio for different voxel sizes (dose ratio is the 
dose scored in voxels relative to 1 mm3 voxel size) 

Voxel size  
(mm) 

Number of  
histories 

Dose ratio CPU time ratio 

1 109 1.0 1.00 
1.5 109 1.0 0.75 
2 109 0.92 0.56 
3 109 0.90 0.37 
4 109 0.88 0.28 
5 109 0.84 0.22 

The BEAMnrc was used to model a medical linac with 
detailed information about each component in the linac. 
Simulations for different wedges agreed with measured 
profiles and depth doses to within less than 1%. For exam-
ple, the MC simulated profile at 10 cm depth, for 6 MV 
photon beam in a 10 x 10 cm2 filed with a 600 physical 
wedge, is presented in figures 3. 
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IV. CONCLUSIONS 

The primary aim of this work is to set up a model for 
dose calculation from MB and EBRT breast cancer treat-
ment plans. Separate models have been created and agreed 
with measurements. In conclusion, good accurate models 
have been constructed. In the next step, the physical dose 
will be converted into biological effective dose and the dose 
distributions from the two modalities will be combined. 
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Abstract––Proton beam of energy up to 250 MeV is 
currently used for treatment of cancer tumors. Theoretical 
computations are presented showing that proton beam of 
energy from 400 MeV up to 600 MeV might be used in cancer 
therapy. Approximately, 5-10 Tesla static transverse magnetic 
fields, spatially limited to tumor volume can produce spiral 
path of high energy proton inside the tumor. It is shown that 
the proportion of dose received by tumor is increased by a 
factor of 3.  

Keywords––Proton therapy, Magnetic field, Computational 
modeling. 

I. INTRODUCTION 

Since early 1990’s, protons started to be used in clinical 
radiotherapy. This particle, when compared with photons, has 
the advantage of higher radiobiological effectiveness and a 
convenient depth-dose distribution with the higher dose 
deposited at the end of particle’s range. Application of 
charged particle beam from accelerator for cancer treatment 
was first proposed by Wilson [1]. While the charged particle 
penetrates into the body, its energy decreases and according 
to physics principles, the rate at which the particle loses 
energy increases. The point at which the particle deposits 
most of its energy is called “Bragg peak” (Fig.1). The precise 
localization of maximum dose in the region of the Bragg peak 
suits well the aim of destroying cancer cells in deep-seated 
localized tumors while sparing surrounding healthy tissues.  

BRAGG 
PEAK

OBJECT (PATIENT’S TISSUE)

TUMOR 

DEPTH

DOSE (dE/dx) 

A

B AT POINT A: 
E=200MeV 
AT POINT B: 
E=2MeV 

 
Fig. 1 Proton beam loses some energy before reaching the tumor but 
deposits major part of dose in the Bragg peak 

The so called “Hadron Therapy”, cancer treatment with 
beams of charged particles, brings forward the significant 
advantage of concentrating radiation dose on the malignant 
tumor. In proton therapy, depending on depth of tumor, 
particle accelerator produces proton beam of energy 
between 180 to 250 MeV for tumors in abdomen or brain, 
and 60-70 MeV when the tumor is located in the eye. There 
still remains desire to reduce the dose absorbed in the 
healthy tissue. 

The range of proton is a function of its initial energy. As 
a rough approximate, range of charged particle is 
proportional to the square of initial energy. A more realistic 
relationship would be [2]:  

8.1)
29.9

(111.0 ER =                            (1) 

Where R is the range of proton in soft tissue in centimeter 
and E is the initial proton energy in MeV. For example, the 
range of a 200 MeV proton beam in soft tissue is 28.5 cm. 
Obviously, using a proton beam with much higher energy 
will lead the beam to pass through the tumor and dose is 
deposited behind the tumor (Fig. 2).  

In the present work, the feasibility of using proton energy 
up to 600 MeV is studied. A new idea is presented by us in 
which, a transverse magnetic field, being perpendicular to 
the trajectory of proton beam is applied to the region 
occupied by the tumor. By this technique, proton beam 
travels a spiral trajectory inside the tumor. The effect of 
 

200MeV 
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28 cm 

100 cm 

DEPTH 

DEPTH 

TUMOR  

 
Fig. 2 High energy proton beam passes through the tumor and produces 
Bragg peak at an unwanted location 
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longitudinal and transverse magnetic fields on dose 
distribution in electron beam therapy is already investigated 
[3,4]. Applicability of longitudinal magnetic field in proton 
therapy has been negative [5]. In the present work, it is 
shown that using a transverse magnetic field in tumor under 
treatment with beam of protons, the percentage of total 
delivered dose absorbed by the tumor might increase from 
50% to 90%. It means the healthy tissue receives only 10% 
of the whole body dose.  

II. COMPUTATIONAL MODELING 

First a spherical shape tumor with a typical size is 
considered. Proton therapy is applicable for developed 
tumors. Hence a sphere with 5 cm radius is considered. 
Then the velocity of 200 MeV proton is obtained and using 
Lorentz equation, radius of rotation is calculated, eqs (2-4). 
As the proton slows down, its radius of rotation shrinks and 
the trajectory comes closer to the center of tumor. Thus, a 
remarkable volume of the tumor is covered by the proton 
path (fig. 3).  

This technique is especially important for higher energy 
proton beams.  

 
BVqF ×=                                      (2) 
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=                       (3) 

qB
mvr =                                          (4) 
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Fig. 3 Magnetic field prevents the high energy beam pass through the 
tumor 
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Fig. 4 Extra energy proportional to the hatched area is absorbed in the 
tumor 

III. RESULTS 

Magnetic fields required to produce in proton beam 
trajectory with different energies a 5 cm curvature have 
been calculated and presented in table 1. For most energetic 
proton beam hypothesized in our work, a magnetic field of 
7.5 Tesla is needed.  

Table 1 Transverse magnetic field required to curl the proton beam 
trajectory inside the tumor 

Proton 
Energy 

Range in 
Tissue for B=0 
(cm) 

Proton 
velocity (v/c) 

B (Tesla) 
for 5 cm tumor

200 MeV 28.5 0.57 4.3 
400 MeV 100 0.71 6.2 
600 MeV 201 0.75 7.5 

IV. CONCLUSIONS 

It was shown that application of transverse magnetic 
field in proton therapy is feasible. For small cancerous 
tumors, the idea of using axial magnetic field for enhanced 
focusing of the proton beam was not plausible because 
computations revealed that a magnetic field as strong as 50 
Tesla would be needed [5]. For large tumors, we showed 
that 7 Tesla or less might be sufficient. The risk of 7 Tesla 
magnetic field is tolerable for cancer patient. On the other 
hand, when the tumor is deep-seated, although the projectile 
proton energy might be 400 MeV or more, the proton beam 
enters into the tumor with a much lower energy than we 
considered here. Thus in reality the requisite magnetic field 
might be much lower than those shown in table 1.  Utilizing 
the quantitative data of depth-dose curve and referring to 
figure 4, it is inferred that in this technique only 10% of 
total dose is absorbed by the healthy tissue.  
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Since current proton therapy accelerators are designed to 
deliver beam of up to 250 MeV energy, the technique 
described here might be used to concentrate proton dose of 
such energy onto shallow-seated tumors.   
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Abstract—Stereotactic radiosurgery is considered one of the 
precisest treatments because of its mechanical fixation of 
cranium using a stereotactic head frame (SHF). Several 
studies, however, presented the SHF could be bent and/or 
displaced due to jostling and/or changing of force/weight to 
SHF, which might cause significant inaccuracy up to 6 mm in 
certain circumstances. Nevertheless, to our best knowledge, no 
clear mechanism of SHF QA has been established. We are 
under development of a stereo-camera-based QA system for 
SHF to check its integrity of shape and placement. In this 
preliminary study, a prototype of camera system was 
developed and its reliability and accuracy were evaluated. The 
initial prototype of stereo camera system was developed using 
two CMOS cameras (with maximum resolution of 2048×1536) 
and a control computer. The system was designed to measure 
the 3D coordinates of points from left-right image pair through 
camera calibration and triangulation. A software program for 
image reconstruction and control was written using C-
language. For reliability test, six image pairs of a fixed circle-
pattern were obtained every 5 minutes for 25 minutes. Then, 
the vector of each circle’s center was calculated between the 
first- and n-th image pair. To evaluate accuracy, sets of image 
pair for translation and rotation were obtained. Then, 
differences in translation and rotation from the reference were 
calculated using singular value decomposition. The camera 
system showed reliability of within 0.5 mm during 25 minutes. 
The accuracy was within 1 mm in translation and 1° in 
rotation. The prototype of stereo camera system developed in 
this study demonstrated its potential of being applied for SHF 
QA. The study will be continued for further evaluation and 
improvement. 

Keywords—SRS, Stereotactic frame, Stereo camera, 
Computer vision, QA. 

I. INTRODUCTION 

Traditional definition of stereotactic radiosurgery (SRS) 
is a technique to deliver a high dose to a particular target 
region with minimizing dose to the surrounding normal 
tissues using multiple beams coming from many different 
incident angles while the patient is fixed with a stereotactic 
head frame (SHF). By virtue of the SHF, the overall 
accuracy of SRS is considered better than 1 mm [1]. The 

SHF plays mainly three roles in SRS; fixation of the patient, 
definition of a three-dimensional coordinate system, and 
guidance for localizers [2].  

Several studies, however, presented the SHF could be 
bent and/or displaced between target volume localization 
and irradiation due to jostling and/or changing of 
force/weight to the SHF [2-4]. Maciunas et al. investigated 
the mechanical accuracy of four-types of SHFs according to 
excessive weight bearing to the SHF by measuring pointing 
errors of the aiming arc. With 25 kg weight to the SHF, the 
pointing errors of the aiming arc reached over 6 mm in a 
Brown-Roberts-Wells (BRW) frame system [3]. Rohlfing et 
al. evaluated the accuracy of a BRW frame system 
according to the amount of mechanical load on the frame. 
Framed patients were CT scanned in both supine and prone 
positions and CT images were registered each other in two 
methods, anatomy- and fiducial marker-based. It was found 
that the difference of registration results between two image 
registration methods reached up to 2.7 mm. Their 
interpretation of the results was that the coordinate system 
of SHF did not agree to internal anatomy due to the change 
of mechanical load [4]. 

In current practice, one of the simplest verification 
methods for patient positioning accuracy between image 
acquisition and irradiation is to compare digitally 
reconstructed radiographs (DRRs) with portal images [5]. If 
kV imaging devices are available in the treatment room, kV 
planar images instead of portal images can be used. 
Limitations of these methods are 1) inability of detecting 
rotational errors and 2) relatively poor image quality of port 
images and DRRs. With cone beam CT (CBCT) capability, 
volumetric image registration between simulation CT and 
CBCT can be utilized. This method provides both 
translational and rotational errors. However, it costs 
relatively longer verification time and extra patient dose. In 
addition, it is not possible to do CBCT scan when the 
treatment couch is rotated. A non x-ray based method is to 
use the depth helmet (Radionics, Burlington, MA, USA) 
[6]. Use of depth helmet can detect serious errors well but is 
not sensitive to relatively small errors. It should also be 
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noted that all of these methods are available for linear 
accelerator based SRS, but not for Gamma Knife based 
SRS. 

Therefore, we believe it is necessary to establish a QA 
mechanism of SHF. We are under development of a stereo-
camera-based QA system for SHF to check its integrity of 
shape and placement. In this preliminary study, a prototype 
of camera system was developed and its reliability and 
accuracy were evaluated. 

II. METERIALS AND METHODS 

A. Stereo Camera System 

An initial prototype of stereo camera system was 
developed using two CMOS cameras (HVR-2300, 
HyVision, Seongnam-si, Korea) and a control computer 
(Figure 1). The CMOS camera had 3M pixels and its 
maximum resolution was 2048×1536. A software program 
for camera operation and coordinate calculation was made 
using Microsoft Visual C++ 6.0 and MATLAB. The stereo 
camera system was calibrated according to a calibration 
procedure established. Once intrinsic and extrinsic 
parameters of the system were obtained through the 
calibration, we were able to measure 3D coordinates of 
points using left-right image pairs.  

  
 

 
Fig. 1 Prototype of stereo camera system. Two CMOS cameras are fixed 
on a tripod using a mechanical jig. The computer controls the camera I/O 
and calculates the coordinates 

B. Reliability Test 

To evaluate reliability of the system, spatial coordinates 
of three static points were detected by the camera system for 
a period of time. Six image pairs of a pattern having 

multiple circles, positioned on a firm stand, were obtained 
every 5 minutes for 25 minutes. The coordinate of the 
center of each circle was measured with each image pair. 
Then, the vector differences of coordinate of the same  
circle between the first- and n-th image pair was evaluated 
(Figure 2). 

 
 

 
(a)                                                        (b) 

Fig.  2 The image pair for reliability test at time zero. The coordinate of the 
center of each circle is obtained using both (a) left image and (b) right 
image 

C. Accuracy Test 

A circle pattern was attached to SHF. The image pair  
of initial SHF position (i.e., reference) was obtained. The 
SHF were intentionally translated and/or rotated (in known 
distances and angles) to create three different positions. The 
set of image pair for each position was obtained. The 
coordinate of each circle’s center was measured from each 
image pair. Then, the translation and rotation matrix 
between reference and each moved position were calculated 
using singular value decomposition. 

 
 

 
(a)                                                        (b) 

Fig. 3 An image pair for accuracy test. 

III. RESULTS 

A. Reliability Test 

The reliability of prototype system was within 0.5 mm in 
all three points during 25 minutes. Mean and standard 
deviation were 0.14±j0.14 mm. (Table 1) 
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Table 1 Reliability of the stereo camera system during 25 minutes 

Vector Distance From Initial Reading (mm) Interval 
(min) Point 1 Point 2 Point 3 

5 0.03 0.08 0.40 
10 0.00 0.09 0.15 
15 0.02 0.14 0.24 
20 0.01 0.10 0.48 
25 0.03 0.15 0.17 

mean 0.02 0.11 0.29 

STD 0.01 0.03 0.15 

D. Accuracy Test 

The SHF was moved in three different positions to 
evaluate the system accuracy. In the first case, the SHF was 
translated 90 mm along the x-axis. The errors of calculated 
translation and rotation matrix were within 0.2 mm and 0.1° 
except about the z-axis (0.41°). Second, the SHF was 
translated 90 mm along the y-axis. The errors were within 
0.3 mm except along the z-axis (0.94 mm) and 0.5°. Finally, 
the SHF was translated 90 mm along the x- and y-axis, 
independently, and then rotated 90° about the z-axis. The 
errors were within 0.5 mm and 0.4° except about the x-axis 
(0.98°). (Table 2) 

Table 2 The accuracy of the stereo camera system in three test cases. The 
SHF was translated 90 mm along the x-axis in case #1. The SHF was 
translated 90 mm along the y-axis in case #2. The SHF was translated 90 
mm along the x- and y-axis, and then rotated 90° about the z-axis in  
case #3 

Translation (mm) Rotation (°) Test 
case x y z vector x y z 

1 0.09  -0.11  -0.14 0.20  0.10 -0.09 0.41

2 0.07  -0.21  -0.94 0.97  -0.03 -0.48 0.34

3 0.18  -0.49  0.07 0.53  -0.98 0.35 0.03

IV. CONCLUSIONS 

The prototype of stereo camera system developed in this 
study demonstrated its potential of being applied for SHF 
QA. The prototype system showed better than 0.5 mm of 
reliability and better than 1 mm and 1° of accuracy in tested 
cases. Advantages of this approach are; 1) no extra patient 
dose is needed, 2) QA can be made in non-coplanar 
geometry, 3) real-time QA can be easily realized, and 4) it 
can be applied for both Linac and Gamma Knife. The study 
will be continued for further improvement. 
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Abstract—A clinical trial of a new scintillation dosimeter 
confirms its usefulness for in vivo dosimetry during prostate 
HDR brachytherapy treatment. The dosimeter consists of a 
plastic scintillator coupled to an optical fibre with a radio-
opaque platinum marker placed at the tip. The combination of 
tissue equivalence, real time readout and small size makes this 
dosimeter uniquely suited for in vivo verification of patient 
treatments. The angular dependence of the dosimeter is 
important and was determined both theoretically using Monte 
Carlo simulation and experimentally using a phantom with an 
HDR 192Ir source. We found that the radio-opaque marker did 
not compromise the angular response of the dosimeter. A 
realistic test of the effects of the radio-opaque marker for 
brachytherapy was obtained from simulation and experiment 
with the source travelling along a line at a fixed distance from 
the scintillator axis and parallel to it.  Fifteen prostate HDR 
brachytherapy patients were recruited to the clinical trial. The 
treatment volume and the position of the dosimeter could be 
accurately determined in the patient frame of reference by 
viewing the images of gold prostate markers and the platinum 
marker in the radiograph. For all but one patient the dose 
received by the urethra was within 1.5 Gy of the dose 
calculated by the planning system.  

Keywords—Dosimeter, Brachytherapy, Clinical trial, 
Angular response. 

I. INTRODUCTION 

High Dose Rate (HDR) brachytherapy is a common 
treatment modality. Any change in the patient anatomy 
between the time of CT imaging for treatment prescription 
and the time of treatment delivery, due to oedema or 
movement in the implant, can result in a departure of the 
dose delivered from that prescribed. In vivo dosimetry can 
prevent radiation accidents by enabling corrective action 
during treatment. If the brachytherapy treatment is 
monotherapy, it is particularly important that real time in 
vivo dosimetry is practised. 

Dosimetry in brachytherapy is challenging because of the 
high dose gradients. Furthermore, the orientation of the 
dosimeter with respect to the radiation source changes 
substantially and dynamically during the treatment. The 

response of the dosimeter should therefore be independent 
of angle over the range of angles of clinical relevance.  

Organs at risk in prostate brachytherapy include the 
rectum and the urethra. The urethra is small in size and also 
passes through the prostate and is therefore embedded 
within the target volume. The accumulated information that 
we presently have for the dose response relation of the 
urethra relies totally on calculated dose.  

An in vivo dosimeter (BrachyFOD) has been customised 
for brachytherapy, employing a cylindrical plastic 
scintillator coupled to a fibre optic [1, 2]. For dose 
verification, the location of the sensitive volume of the 
dosimeter must be accurately known in the patient frame of 
reference. Since the BrachyFOD is tissue equivalent, it is 
difficult to locate it in vivo using conventional radiography. 
For this purpose, a modified design of the BrachyFOD has 
been developed incorporating a radio-opaque marker in the 
tip (RFOD). The angular dependence of both designs has 
been measured experimentally [2, 3]. The current 
investigation compares measured data for the angular 
dependence of the RFOD with the Monte Carlo simulations 
and reports on the results of the clinical trials using this 
dosimeter design. 

A. Dosimeter Design 

The BrachyFOD is small and flexible making it suitable 
for in vivo intra luminal insertion. The small detector 
volume ensures the high spatial resolution needed for dose 
measurements in the high gradient fields of brachytherapy. 
Lambert et al (2006) reported a high signal to noise ratio, 
enabling accurate dose readings up to a distance of 250 mm 
from the source.  

A new design, termed RFOD, differs from the standard 
BrachyFOD described by Lambert et al (2006) in that it 
includes a radio-opaque marker in the form of platinum 
wire 4 mm long and 0.5 mm in diameter at the tip of the 
dosimeter (Figure 1) [3].  A PVC sheath covers the entire 
length of the optical fibre, spacer, radio-opaque marker and 
scintillator, making it light tight and mechanically stable. 

 
 



956 L.E. Cartwright et al.

 

  
 IFMBE Proceedings Vol. 25  

 

 

 

Fig. 1 A schematic diagram of the RFOD design. The scintillator, marker and fibre diameter are 0.5 mm, with a scintillator length, spacer length and 
platinum marker length of 4 mm. The overall diameter of the probe is 1 mm 

II. METHOD 

A.   Monte Carlo Simulations 

The HDR micro-selectron source structure was modelled 
in GEANT4 and used to simulate a high dose rate 192Ir 
source moving through a catheter placed in a circular track 
of radius 50 mm around the centre of the scintillation 
volume in the azimuthal plane (figure 2). The scintillator 
geometry was a 4 mm x 0.5 mm cylinder located with its 
geometric centre at the centre of the circular track. The 
angle between the scintillator axis and the source was varied 
from 100º to -100º.  

A Monte Carlo simulation of the use of this dosimeter for 
brachytherapy was carried out by driving the source along a 
linear track parallel to the axis of the scintillator at a 
distance of 50 mm. 

B.   Experimental Procedure 

The purpose built Perspex phantom [4] consisted of 15 
Perspex slabs, each slab being 300 mm × 300 mm × 20 mm. 
The source catheter lies in a groove with a radius of 50 mm 
over 270°, guiding the catheter into a circle through which 
the brachytherapy source moved. Additional scatter material 
(Perspex) was placed above the phantom to create full 
scatter conditions. Uncertainty in the position of the 
dosimeter relative to the centre of the source track was 
minimized by making small adjustments to the dosimeter 
location, so that the response at 10º and 90º to the dosimeter 
axis was almost equal. By making small adjustments, an 
effective centre of the dosimeter was located at the centre of 
the trajectory circle of the source trajectory. The effective 
centre of the dosimeter is defined as the point, when located 
at the centre of the source trajectory circle, that gives the 
smallest overall angular variation in the dosimeter response. 
When the dosimeter was at its effective centre, the angular 
response was measured at increments of 7°. A radiograph of 

the phantom, with the RFOD in position and the source 
track marked with a wire, is shown in Figure 2. A “drive 
by” experiment simulating a brachytherapy treatment was 
performed by driving the source through a catheter parallel 
to the dosimeter at a distance of 50 mm. The response was 
measured at 5 mm source position increments, with a 60 
second dwell time in each position. 

C.   Clinical Trials 

The RFOD was used in clinical trials to measure the 
radiation dose delivered to the urethra during HDR 
brachytherapy treatment of the prostate. At the time of 
treatment prescription, the clinician selected the CT slice in 
the mid-prostate as the point of interest. A urinary catheter 
was placed inside the urethra at the time of implant insertion. 
Prior to treatment delivery, the RFOD is inserted into the 
urinary catheter. An AP radiograph was taken to locate the 
gold markers, the implant catheters and the RFOD in the 
prostate frame of reference.  Prior to treatment and post-
treatment delivery, the RFOD was stimulated with an LED 
signal to ensure the integrity of the optical pathway and to 
confirm that the calibration factor of the RFOD made prior  
 

 
Fig. 2 (Left) Schematic showing the circular trajectory of the 192Ir  source 
around the geometric centre of the scintillator. (Right) Radiograph showing 
the radio-opaque marker in the phantom 
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Fig. 3 Comparison of the Monte Carlo simulation and experimental results 
of the angular response of  RFOD . The sharp decrease in dose rate around 
zero degrees for both is caused by the attenuating effect of the platinum 
marker 

to treatment was still valid. The use of the LED in this way 
is described in full in reference 5. In total 15 patients have 
been recruited to the trial. All eligible patients consented to 
their inclusion in the trial.   

III.   RESULTS AND DISCUSSION 

A.   A Comparison between Monte Carlo and Experimental 
Results 

Results of the two Monte Carlo simulations are shown in 
Figure 3 and 4 and are consistent with the experimental 
results presented by Cartwright et al [3] which show a sharp 
feature in the angular response centred in the angular range 
10° each side of the scintillator axis. Such a feature is 
expected as a result of attenuation of the radiation by the 
radio-opaque marker.  

Small oscillations in the angular dependence are visible 
in both the Monte Carlo simulation and in the 
measurements. These effects are unimportant in the clinical 
application as they are within 2%. Their origin is unclear at 
this stage but may be the result of scatter from the radio-
opaque marker.  

Differences between the predicted and measured values 
can be mainly attributed to error in the positioning of the 
scintillator with respect to the centre of the circular track. 
Note that an error of 0.5 mm in position at a distance of 
50mm results in a 2% change in dose [1]. 

 
Fig. 4 Comparison of the Monte Carlo simulation and experimental results 
of the “drive-by” response of  RFOD. The RFOD reading will be affected 
by attenuation by the platinum marker, the distance to the radiation source 
and the anisotropy of the source as its orientation to the dosimeter changes. 
The negative source positions are when the source passes the optical fibre 
creating a small fluorescence signal 

B.   Clinical Trial Results 

The use of the RFOD did not adversely affect the patients 
in any way. Typical use of RFOD required an increase in 
treatment procedure time of only two minutes. The most 
time consuming procedure was insertion of the dosimeter 
into the catheter. The LED dosimeter self check 
measurement prior to treatment delivery [5] was performed 
in parallel with the catheter source check. Post-treatment 
LED self check measurement was performed while the 
transfer tubes were being disconnected from the implant. 
The LED self check facility proved valuable in assuring 
consistent dosimeter performance. This facility represents a 
significant advance over previous attempts at clinical use of 
scintillation dosimeters where confidence in the reading was 
lacking. 

The user interface manages the data acquisition from the 
RFOD, enabling the transition of the source through the 
catheters to be monitored. This permits radiation accidents 
to be identified early.  

The RFOD marker is visible in the radiograph shown in 
figure 5, enabling its position relative to the brachytherapy 
catheters and the patient anatomy to be accurately 
determined. The location of the prostate is inferred from the 
implanted gold seed markers. 
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Fig. 5 A radiograph of a patient undergoing brachytherapy treatment.  The 
radio-opaque marker of the RFOD is clearly visible 

 
Figure 6 compares the planned and the delivered dose to 

the urethra for 10 patients. In most cases the actual dose 
delivered was within 9% of the calculated dose based on the 
CT, representing a difference of 1 Gy. This is not surprising 
since the dose gradient across the urethra can be 10% or 
more. The large body mass of patient 8 made it difficult to 
locate the dosimeter because of the poor quality of the 
radiograph. The dose measurement therefore could not be 
ascribed to a site in the treatment plan. 

IV.   CONCLUSION 

We have developed a real-time, tissue equivalent 
dosimeter for in vivo brachytherapy applications that can 
measure dose inside the urethra by insertion through a 
flexible catheter. The self checking capability of our readout 
design combined with the radio-opaque marker give 
confidence in the measured dose and in the location of that 
dose within the patient. 

In the clinical trial, this dosimetry system served not only 
as a QA tool but also as a method for alerting potential 
radiation accidents. 

 

 
Fig. 6 Results from the clinical trial 
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Abstract—In order to investigate accurate dose to heart and 
lung in electron beam therapy for breast cancer, an algorithm 
for designing patient-specific electron block was developed. A 
voxel phantom, consisting of 5×5×5 mm3 voxels (61×39×75) 
filled with four pre-defined materials including air, lung, soft 
tissue, and bone, was generated from a patient’s CT images. 
Dose distribution of the patient-specific phantom by using 
MCNPX was calculated for the electron beam with energy of 9 
MeV, and compared to that by using a conventional treatment 
planning system. The algorithm for designing patient-specific 
block of electron beam therapy for breast cancer was devel-
oped. The algorithm could simulate a patient-specific electron 
block from DICOM-RT. The differences between dose distri-
butions from MC-based dose calculation and the conventional 
treatment planning system were investigated at the same 
depth. The results, from the MC-based dose calculation for the 
electron beam, estimated 10% less than those from the conven-
tional treatment planning system at the same depth, due to the 
limitation of the conventional algorithm in accurate modeling 
of electron scattering in heterogeneous phantom. It is expected 
that the algorithms can be directly applied to MC-based dose 
and output factor calculation for patient-specific block in 
electron beam radiotherapy. 

Keywords—Electron beam, MCNPX, dose calculation, treat-
ment planning. 

I. INTRODUCTION  

Electron beam was generally employed as the boost field 
delivering dose to localized area such as tumor bed in 
breast[1]. Due to steep fall-off both laterally and distally, 
after a uniform plateau of dose ranging, electron beam has 
an advantage to treatment of superficial cancers and disease 
(within 5 cm of the Patient’s Surface) including breast can-
cer[2]. 

Conventional treatment planning systems, correction 
based algorithms such as pencil beam and convolu-
tion/superposition, can not accurately describe behavior of 
electron beam at interfaces of different materials between 
lung/bone and soft tissue[3, 4]. 

To increase and improve the accuracy of dose calculation 
and CPU time in electron beam therapy, MC-based  

algorithms such as MMC, VMC, and XVMC have been 
researched and developed [3-6]. Recently, some MC-based 
algorithms have been implemented to conventional treat-
ment planning systems, as shown in Table 1[5].  

In this study, we have developed an algorithm for design-
ing patient-specific electron block to investigate accurate 
dose to heart and lung in electron beam therapy for breast 
cancer. And dose distribution in patient-based anatomy 
using MCNPX was calculated and compared to that using a 
conventional treatment planning system. 

Table 1 Dose Calculation Algorithms Based on Monte Carlo Techniques 
in Conventional Treatment Planning Systems[5] 

Vender Code MC for γ MC for e 
Nomos Peregrine ○  
Konrad MMC ○ ○ 
Varian 

 (Eclipse) MMC  ○ 

BrainLab 
(iPlan) XVMC ○ ○ 

Elekta  
(PrecisePlan) XVMC ○ ○ 

CMS 
 (Xio) XVMC ○ ○ 

CMS  
(Monaco) XVMC ○  

Nucletron VMC++  ○ 

II. MATERIALS AND METHODS  

To calculate dose using MCNPX, electron beam with en-
ergy of 9 MeV from 2100CD Linac (Varian, Palo Alto, 
USA) was simulated using energy spectrum and angular 
distribution by G. Ding and D.W.O. Rogers[7]. For com-
missioning the electron beam, PDDs and profiles from the 
electron beam were calculated in large water phantom of 
40×40 cm2 by using MCNP, and compared with the PDD 
and profile from ion chamber (CC13, wellhofer).  

An algorithm which can design customized electron 
block was developed based on C and Interactive Data Lan-
guage (IDL). The algorithm can extract plan data including 
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points of block, block position, shape, beam energy, and 
gantry angle from DICOM-RT. The arbitrary boxes were 
generated for x- /y- coordinates at all points of which the 
patient-specific blocks consist, as shown in Fig 1. 

 

Pi(8.6, 29.8)
Pi+1(13.4, 29.7)
Pi+2(17.2, 29.5)

Pi+2(17.2, 29.5)

Pi(8.6, 29.8)

Pi+1(13.4, 29.7)

(Xmax, Yi)

(Xmax, Yi+1)

(Xmax, Yi+2)(a) (b)
 

Fig. 1 A scheme of designing customized block for electron beam; (a) x-, 
y-coordinates of a block information in DICOM-RT, and (b) a constructed 
block for MCNP input 

A voxel phantom was automatically generated with con-
version from CT HUs to material composition using four 
pre-defined materials which consisted of 5×5×5 mm3 voxels 
(61×39×75), as shown in Fig 2. The four materials were 
considered to be air, lung, soft tissue, and bone, and densi-
ties of lung, soft tissue, and bone were assumed to be 0.25 
g/cm3, 1.04 g/cm3, and 1.61 g/cm3, respectively[8]. 

  

 
Fig. 2 An illustration of (a) DRRs and (b) a patient-specific voxel phantom 

Dose distributions in the phantom were calculated by us-
ing MCNPX and were compared with that by using Eclipse 
(Varian, Palo Alto, USA). The patient-specific electron 
block and electron beam with the energy of 9 MeV and the 
same gantry angle were simulated, as shown in Fig 2. 

III. RESULTS AND DISCUSSION 

Fig 3 shows that PDDs and profiles from MCNP simula-
tion at depth of 3.8 cm in the water phantom by using ion  
 

chamber. The PDD and profile from MCNP simulation 
were in good agreement to those from the measurements 
with differences of 4.07% and 3.98% in root-mean square 
(RMS). 
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Fig. 3 PDD and profile from electron beam of 9 MeV 

Fig 4 shows the block generated from DICOM-RT by 
our algorithm. The electron block for MCNP simulation 
consisted of arbitrary boxes, which were of the same num-
ber to the points of the block in the plan. The patient with 
lesions in irregular anatomies such as air, lung, and breast 
were planned with MCNPX and the algorithm of pencil 
beam convolution in Eclipse. 

(a) (b)

 
Fig. 4 Illustrations of a patient-specific block for electron beam; (a) Digi-
tally Reconstructed Radiography (DRR) with the block, and (b) the block 
for MCNP input 

Fig 5 shows dose distributions from MCNPX simulation 
and Eclipse for electron beam with the energy of 9 MeV. 
The results from the MC-based dose calculation of electron 
beam estimated 10% less than those from Eclipse at the 
same depth, due to the limitations of the correction-based 
algorithm in accurate modeling of electron scattering in the 
low density lung tissue and interface between different 
materials, as shown in Fig 5.  
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Fig. 5 Comparison of dose distributions; solid line represents the dose 
distribution from MCNPX and dashed line represents the distribution from 
Eclipse 

IV. CONCLUSION  

The algorithm for designing patient-specific block was 
developed in the electron beam therapy for breast cancer, 
and dose distribution was calculated for the treatment of 
breast cancer. The differences between dose distributions 
from the MC-based dose calculation and the conventional 
treatment planning system were investigated at the same 
depth. It is expected that the algorithms can be directly 
applied to dose calculation and output factor calculation for 
patient-specific blocks in electron beam therapy using 
MCNPX. 
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Abstract—A plastic scintillation dosimeter, using an air core 
light guide to transport the scintillation signal, has been shown 
to be free of the unwanted Cerenkov background signal that 
usually results from exposure of fibre optics to megavoltage 
photon and electron radiation beams. We report the 
performance of the air core dosimeter in 6 MV and 18 MV 
photon beams and 6 MeV and 20 MeV electron beam. The 
percentage depth dose measurements for both photon beams 
agree with ionisation chamber measurements to within 1.6%, 
for depths up to 250 mm, except in the build up region where 
the positional uncertainty results in a slightly larger deviation. 
For a 6 MeV and 20 MeV electron beam, the percentage depth 
dose measurements agree with the ionisation chamber 
measurements to within 3.6% and 4.5% respectively. 

For small radiation fields, readings agree with diamond 
detector readings to within 1.2% for field sizes of 10 x 10 cm 
down to 1 x 1 cm. The air core dosimeter’s performance in two 
dynamic IMRT test fields agrees well with ionisation chamber 
measurements whether the dosimeter is located in a high dose 
region or in a low dose region. 

Keywords—small field dosimetry, air core scintillation 
dosimeter. 

I.   INTRODUCTION 

Scintillation dosimeters with a fibre optic readout are 
tissue equivalent, have a small detection volume and small 
size but have two significant challenges. The first is that a 
large background light signal arises from Cerenkov light 
generated in the optical fibre, by radiation with energy 
above 300 keV (1).  The second is the uncertainty in the 
efficiency of the optical path linking the scintillator to the 
light detector (2). Cerenkov light is generated in an optical 
fibre when a charged particle travels faster than c/n, where c 
is the speed of light in a vacuum and n is the refractive 
index of the core material. The intensity of the light signal 
generated by Cerenkov radiation can be higher than the 
signal from the scintillator under certain conditions (3). This 
light is effectively an unwanted background signal, which is 
highly dependent on the configuration of the optical fibre in 
the radiation beam but is not directly related to the dose to 
the scintillator. For accurate dosimetry, the Cerenkov signal 
needs to be removed or eliminated at its source.  

We have shown (4) that a scintillation dosimeter can be 
made with an air core light guide to transport the 
scintillation light. Unlike other dosimeter designs, the light 
guide does not generate Cerenkov signal. 

In this study, we compare the dosimetric performance of 
the air core scintillation dosimeter with an ionisation 
chamber for mega voltage electron and photon beams.  

II.   METHOD 

A prototype dosimeter was constructed using a plastic 
scintillator inserted into one end of an air core light guide 
having the form of a silvered silica tube manufactured by 
Polymicro Technologies LLC, USA (Figure 1). The silver 
coated silica tube has an internal diameter of 1.0 mm and an 
external diameter of 1.3 mm, with an approximately 100 µm 
thick coating of silver on the inside surface. A 5 mm long 1 
mm diameter cylindrical Bicron BC400 scintillator was glued 
inside one end of the silica tube. A second dosimeter with a 2 
mm long scintillator was constructed for comparison in small 
field sizes. The end of the light guide opposite the scintillator 
was coupled into a 1 mm diameter solid core PMMA 
extension fibre with a core diameter of 0.98 mm. The PMMA 
extension fibre was used to transmit the scintillation light to a 
photomultiplier tube (PMT) located outside the radiotherapy 
bunker. Although Cerenkov light is not generated in the air 
core by the primary radiation field, any scattered radiation 
with sufficient energy will generate a small background signal 
in the PMMA extension fibre alone. A second parallel fibre is 
used to subtract the minor background light. This is unlike the 
case of a solid core fibre being used in the primary radiation 
field, with a parallel fibre for background subtraction, where 
the small difference in location of the two fibres will prevent 
background subtraction from being used accurately.  

 

Fig. 1 The dosimeter in cross section showing the scintillator and the air 
core silvered light guide for transmitting the signal through the radiation 
field and the two solid core polymer fibres for guiding the scintillation 
signal and background signal through the treatment bunker. 
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There is a trade off in the selection of the length of the air 
core light guide, due to the relatively high attenuation in an 
air core light guide compared to a solid core light guide. A 
length of 200 mm was chosen for this study, where all 
measurements are made in field sizes of 10 x 10 cm or less. 

A. Percentage Depth Dose Measurements  

The central axis percentage depth dose in water for a 6 
MV and an 18 MV photon beam produced by a Varian 
Clinac 21iX linear accelerator was compared with the 
readings from a PTW Semiflex 0.125 cm3 ionisation 
chamber, model 31002 (PTW Freiburg GmbH, Germany) 
and for surface measurements to a RMI Attix parallel plate 
chamber (Gammex-RMI, Model 449) in Gammex Solid 
Water. Measurements were made at the centre of a 10 x 10 
cm field in a water tank with 1.00 m SSD and a dose rate of 
600 MU/min. Using the air core dosimeter as shown in 
figure 1, central axis depth dose measurements were 
performed by integrating the readings over 200 MU at fixed 
depths up to 250 mm for both a 10 x 10 cm 6 MV and 18 
MV photon beam in a PTW Freiburg MP3 water tank. 

Electron percentage depth doses exhibit a sharp dose 
gradient at the end of range, making the spatial resolution of 
the dosimeter very important. The percentage depth dose for 
a 6 MeV and 20 MeV electron beam, produced by a Varian 
21iX Clinac linear accelerator, were measured as described 
above and the readings compared to those measured using a 
PTW Advanced Markus ionisation chamber (Model 34045).  

B. Field Size Dependence 

Readings were taken at the centre of the 6 MV photon 
beam for square fields from 1x1 cm to 10 x 10 cm using 
two versions of the dosimeter, one with a 5 mm and the 
other with a 2 mm long scintillator. Readings were taken at 
a fixed depth of 50 mm in water at an SSD of 1.00 m and 
compared to readings from a diamond detector with a 
sensitive volume of 6 mm3 and a Semiflex ionisation 
chamber with a sensitive volume of 0.125 cm3. Diamond 
detectors exhibit a dose rate dependence, which was 
corrected for using the formula described by Hoban (5). 

C. Dynamic Fields 

In IMRT, a fraction of the dose delivered to a point is 
due to scattered radiation and leakage through the MLC 
leaves. Since the energy distribution of the scattered and 
leakage radiation is different to that of the main beam, 
dosimeter energy and dose rate independence is essential. 

The air core dosimeter was compared to a Semiflex 
ionisation chamber in two dynamic MLC test fields 
provided by Varian (Figure 2). The first field has a pyramid 

shaped dose distribution with a high dose at the centre. The 
second field is an inverse pyramid with a low dose at the 
centre. The dosimeters were located at the centre of the field 
in a PTW MP3 water tank at a depth of 50 mm. The 
dosimeters were oriented so that their stem was 
perpendicular to the MLC leaves at an SSD of 1.00 m and 
irradiated with 100 MU and to 500 MU. 

 

 
Fig. 2 X-ray films of the pyramid and inverse pyramid Varian test fields. 
Both the air core and ionisation chamber dosimeters were located at the 
centre of each field and irradiated with 100 MU and with 500 MU 

D. Stem Effect 

The stem effect of the air core dosimeter was determined by 
measuring the beam profile of a 5 x 5 cm 6 MV photon field at 
a depth of 50 mm in water, in a single traverse of the radiation 
field with the dosimeter moving parallel to its axis (Figure 3). 

 
Fig. 3 The air core dosimeter is scanned across a symmetrical 5 x 5 cm 6 
MV photon field at a depth of 50 mm in water to determine the stem effect 

In this method, the penumbra on the right hand side of 
the field is measured with the stem of the dosimeter outside 
of the field and the penumbra on the left hand side is 
measured with the stem of the dosimeter through the centre 
of the field. The symmetry of the field was confirmed using 
a PTW Semiflex ionisation chamber.  

III.   RESULTS AND DISCUSSION 

A. Percentage Depth Dose Measurements  

Central axis depth dose measurements for the 6 MV 
photon beam (Figure 4) agree with the ionisation chamber 
measurements to within 1.5%. The dose reading from the 
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air core dosimeter at the minimum depth of 1.5 mm is 3.6% 
below the reading from the ionisation chamber. This 
relatively larger difference can be attributed to positional 
uncertainty in the large dose gradient build up region. 

Fig. 4 Percentage depth dose for a 10 x 10 cm 6 MV photon beam, 
measured in water tank with an air core scintillation dosimeter and an RMI 
Attix ionisation chamber (surface to dmax) and a PTW Semiflex 0.125 cm3 

ionisation chamber (dmax to 250 mm) 

For the 18 MV photon beam, the air core dosimeter 
measurements agree with the ionisation chamber 
measurements to within 1.6% between 30 mm and 250 mm 
depth in water. Although the air core dosimeter can be 
positioned to within 1 mm, for depths <30 mm, the air core 
readings are up to 5% higher than for the ionisation 
chamber and is attributed to the high dose gradient. 

The percentage depth dose measurements along the 
central axis of a 10 x 10 cm 6 MeV electron beam (Figure 
5) agree with the PTW Advanced Markus ionisation 
chamber measurements to within 1% in the build up and 
peak region. At a depth of 23 mm the readings are within 
3.2% and at 25 mm within 3.6%. A shift in position of the 
dosimeter of only 0.5 mm in this region would account for 
the observed deviation in the dose measurements.  

Fig. 5: Percentage depth dose for a 10 x 10 cm, 6 MeV electron beam 
measured in a water tank for the air core dosimeter compared to an 
Advanced Markus ionization chamber 

B. Field Size Dependence 

The readings from the air core dosimeter with a 5 mm 
long scintillator agree with those from the diamond detector 
to within 0.5 % for field sizes between 10 x 10 cm and 3 x 
3cm (Figure 6). The air core dosimeter with a 2 mm 
scintillator agreed with the diamond detector to within 1.2% 
for all field sizes, including the 1 x 1 cm field.  

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

0 1 2 3 4 5 6 7 8 9 10

N
or

m
al

is
ed

 R
ea

di
ng

Square field size (cm)

Diamond detector

Air core dosimeter with 2 mm scintillator

Air core dosimeter with 5 mm scintillator

Ionisation chamber

 
Fig. 6 The field size dependence of four dosimeters. The size of the 
sensitive volume limits the air core dosimeter’s performance in small fields 

C. Dynamic Field Tests 

For the pyramid fields, the dose readings of the two 
dosimeters agree to within 1%. For the inverse pyramid and 
a total of 500 MU delivered the dosimeter readings agree to 
within 0.7%, but when only 100 MU is delivered there was 
a deviation of 2.4% between the two dosimeter readings. 
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Fig. 7 Dose measured with the air core dosimeter compared to an 
ionisation chamber at the centre of the Varian pyramid and inverse pyramid 
6MV photon test fields, at a depth of 50 mm in water 

D. Stem Effect 

The good agreement between the air core measurements 
of the left and right sides of the field shows that it has no 
measurable stem effect (Figure 8).  
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Fig. 8 The profile of a 5 x 5 cm 6MV photon field measured using the air 
core dosimeter in a single traverse. The left and right sides of the field have 
been superimposed, so that any stem effect would appear as a difference 
between the two profiles 

E. Discussion 

The air core dosimeter provided accurate depth dose 
measurements in a 6 MeV electron beam and agrees with 
the ionisation chamber measurement to within 1% in most 
cases with a maximum deviation of 3.6% at the end of the 
electron range. The depth dose measurements in the 20 
MeV electron beam remain within 4.5% at all times. 

The air core dosimeter showed good sensitivity in a 6 
MV and 18 MV photon beam with a measurement 
uncertainty of 0.5% at a depth of 250 mm. The depth dose 
curve for the air core scintillation dosimeter agrees well 
with the ionisation chamber in a 6 MV photon beam for all 
depths measured and in an 18 MV photon beam for depths 
of dmax (the depth where the maximum dose is delivered) or 
greater.  In the build up region in an 18 MV photon beam 
the air core dosimeter measures up to 5% higher than the 
ionisation chamber, because if the high dose gradient. The 
positional accuracy of 1mm can explain the difference 
between the air core readings and that of the ionisation 
chamber.  

Both the 5 mm and the 2 mm versions of the air core 
dosimeter provide accurate readings for field sizes down to 
2 x 2 cm. For a field size of 1 x 1 cm, the 5 mm version 
underestimated the dose at the centre of the field. The 2 mm 
dosimeter agreed with the diamond detector to within 1.2%, 
showing no voluming effects, which have been reported to 
cause significant errors in dose measurements in IMRT (6). 

IV.   CONCLUSION 

The small sensitive volume of the air core dosimeter 
allows accurate dose measurement for field sizes down to 1 
x 1 cm. The novel dosimeter design has no detectable 
Cerenkov light generated in the air core light guide. 
Coupled with the favourable performance characteristics in 
megavoltage photon and electron beams the air core 
dosimeter is a promising detector to meet contemporary 
radiotherapy needs. 
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Abstract—We examine the water equivalent properties of 
two versions of a new type of scintillation optical fibre dosime-
ter designed for use in external beam applications. The do-
simeter has an air core light guide to avoid the generation of a 
Cerenkov background.  The dosimeter has a small sensitive 
volume and has been designed for use in high dose gradients. 
One version has a silver coating on the scintillator, while the 
other has no silver coating. A Monte Carlo (MC) method is 
used to determine the impact of various structures of the do-
simeter on the dose deposited in the sensitive volume. MC is 
also used to determine the effect of a nearby dosimeter of the 
same type on the dose deposited, in order to determine the 
suitability of the dosimeter for array dosimetry. The theoreti-
cal predictions are compared to experimental measurements in 
a 6MV photon beam. We show that the dosimeter is effectively 
water equivalent when no silver is used on the scintillator, with 
absolute dose readings in agreement with the control values.  
When normalised at their maximum, the shape of all depth 
dose curves is the same as for the water equivalent control. We 
also show that dosimeter proximity effects are negligible, con-
firming the suitability of this dosimeter for use in close packed 
arrays. 

Keywords—Array dosimetry, Cerenkov radiation, Scintilla-
tion dosimetry, Water equivalence, Monte Carlo simulation. 

I. INTRODUCTION 

We define water equivalence in radiation therapy do-
simetry to occur when the dosimeter records the same en-
ergy deposition in its volume as would the same volume of 
water.  At present, the ionization chamber is the gold stan-
dard dosimeter in mega-voltage therapeutic external beam 
therapy [1]. A limitation of an ionization chamber is that it 
is not water equivalent according to the above definition 
and needs correction factors [2]. The lack of water equiva-
lence limits the proximity to which adjacent dosimeters can 
be placed in an array. There are currently no dosimeters 
available that are water equivalent and have the same accu-
racy as an ionization chamber.  

Scintillation dosimeters have potential as water-
equivalent dosimeters and also provide readings at a high 
spatial resolution in real-time. Optical fibers are commonly 
used for transmitting the signal from the scintillator to a 
light detector, but in a megavoltage photon radiotherapy 

beam, Cerenkov noise is created within the fibre preventing 
accurate measurements [3]. 

Cerenkov radiation is generated in an optic fibre when 
relativistic charged particles pass through the core at speeds 
greater than the local speed of light. In this paper, we study 
with a Monte Carol method (EGSnrc) the performance of a 
novel dosimeter that uses a silver coated air core light guide 
to transmit the signal. The use of air as a core avoids the 
generation of Cerenkov light and the dosimeter is referred 
to as an air core dosimeter. Since air and silver are not 
water equivalent they have the potential to disturb the 
amount of absorbed dose in the scintillator in use in radio-
therapy. Consequently, the effect on absorbed dose of these 
components needs to be determined. In this paper, the im-
pact of the components of the air core dosimeter on its wa-
ter equivalent properties are studied. Since there is a de-
mand for reliable array dosimetry, we also report on the 
proximity effects when two air core dosimeters are brought 
close together. 

II. METHOD  

 
Fig. 1 A diagram of the air core scintillation dosimeter.  The dosimeter has 
an air core light guide that is surrounded by a silver coated silica tube. 
Dimensions in mm: R1=0.4750, R2=0.6375, R3= 0.8000 

The silvered silica tube is manufactured by Polymicro 
Technologies LLC,USA and has a 162.5μm thick coating of 
silver on the inside surface. The dimensions of the dosime-
ter are shown in Fig 1. A cylindrical Bicron BC400 scintil-
lator made of Poly-vinyltoluene (PVT) is glued inside the 
silica tube. The end of the light guide opposite the scintilla-
tor is coupled into a solid core Poly-methylmethacrylate 
(PMMA) extension fibre to transmit the scintillation light to 
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a photomultiplier tube (PMT) located outside the radiother-
apy bunker.  

The nrc version of Electron-Gamma-Shower Monte 
Carlo method (EGSnrc) was used in the simulations. The 
EGSnrc geometry package of egspp was used to run appli-
cation of   tutor2pp to construct the required geometry (Fig  
2) [4]. This application calculates the deposited, transmitted 
and reflected energy fractions for the beam incident on the 
chosen geometry. The output is given as the energy depos-
ited in each segment of the geometry as a fraction of the 
total deposited in the entire geometry. Two versions of the 
dosimeter are simulated. In version 1, the silver coating 
from the silica tubing was extended over the scintillator and 
hence the name “Covered Scintillator” is used.  In version 2, 
the silver coating did not cover the scintillator and hence the 
name “Naked Scintillator” is used. Two 6MV photon spec-
tra (labeled J and M) were used for MC simulation. The J 
spectrum was kindly supplied by M Williams, Illawarra 
Cancer Care Centre, while the M spectrum was that of 
Mohan et. al [5]. The dimension of the water phantom was 
20×20×20 cm3. The energy fraction deposited in the scintil-
lator was calculated. Electron/Photon transport parameters 
for the simulation were selected to include pair production, 
photoelectric effect, Rayleigh and Compton scattering and 
Bremsstrahlung. The Ecut and Pcut values were 0.521 MeV 
and 0.001MeV. A control simulation was run with all the 
dosimeter layers replaced by water, such that the dose 
scored to the “scintillator” volume is used as the control 
value. The central axis depth dose curve was determined 
from 0.08 to 19 cm. The effect of each of the dosimeter 
components on the depth dose curves was simulated for a 
field size of 2×2 cm2 by scoring 1×108 histories. The prox-
imity effect was simulated for a field size of 8×8 cm2 with 
2×108 histories with the depth of the scintillator at dmax.  

 

 
Fig. 2 On the left, the simulation design used to determine the depth dose 
curve is shown. On the right, the two 6MV spectra (J and M) were used for 
MC simulation 

The experimental performance of the Naked Scintillator 
air core dosimeter was tested by measuring the central axis 

percentage depth dose in water for a 6MV photon beam 
produced by a Varian Clinac 21iX linear accelerator and 
comparing the readings to those of a PTW Semiflex 0.125 
cm3 ionisation chamber, model 31002 (PTW Freiburg 
GmbH, Germany). Additional measurements were per-
formed with the PTW-Freiburg type 60003 diamond detec-
tor. The surface dose ionisation chamber measurements 
were made with a RMI Attix parallel plate chamber (Gam-
mex-RMI, Model 449) in Gammex Solid Water. Measure-
ments were made at the centre of 2×2 to 10×10 cm2 fields in 
a water tank at 1.00 m SSD (source to surface distance) and 
a dose rate of 600 MU/min.  

III. RESULTS  

A. Experimental 

The air core depth dose measurements agree with the 
ionisation chamber and diamond dosimeter measurements to 
within 1% at dmax (depth=1.5cm), with a slightly larger de-
viation of 3.6%, for fields of 2 ×2 cm2 to 10 ×10cm2 (Fig  3). 

 

 

Fig. 3 The air core dosimeter measurements at the centre of a 6 MV photon 
field at 15 mm depth in water compared to ionisation chamber and a dia-
mond detector measurements. Readings are normalised to 100% at the 
centre of a 10 × 10cm2 field 

B. Monte Carlo Simulation 

The computed depth dose relation for the control geome-
try (all components water) for a 2×2 cm2 field is shown in 
Fig 4 and compared with experiment. The result obtained 
using the J spectrum agrees better with experiment than that 
obtained using the M spectrum. Near dmax all results agree 
but the simulation results deviate at greater depths. For the J 
spectrum the simulated results are up to10 % higher than the 
experimental results at depths beyond depth 70 mm. This 
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shows that the assumed spectrum is important in obtaining 
correct results at larger depths. In this work the experimen-
tal spectrum is not known in detail and generic spectra are 
used. 

 

 

Fig.4 Percentage depth dose for the air core dosimeter in a 6MV 2×2 cm2 
field calculated using the two spectra and compared with experiment. The 
energy curve has been normalized at the peak 

The simulation results for the Silver Covered Scintillator 
and the Naked Scintillator are shown in Fig 5. 

 
 

 

 

 

 
Fig. 5 Simulations showing the impact of different components of the air-
core dosimeter (i.e. PVT, air, silica, and silver) on the energy deposited 
within the sensitive volume in comparison with the control case (all water). 
The case of the Silver Covered Scintillator is shown in 5.a and 5.b. Al-
though not water equivalent when silver is added, the curves are the same 
as the control when normalized at the peak. In the case of the Naked Scin-
tillator (5.c and 5.d), the dosimeter is water equivalent even when silver is 
added. The 6MV M spectrum for a 2×2 cm2 field was used in the simula-
tions, with errors within 1% 

The simulation results for the Silver Covered Scintillator, 
are shown in Fig 5a and b. The figure shows the energy 
deposited in the scintillator as a fraction of the total depos-
ited in the entire geometry. Introducing air and PVT to-
gether do not disturb the energy within the scintillation 
volume compared to the control (Fig 5a). However, intro-
ducing silver as shown in Fig 1 increases the energy depos-
ited by (26 ±1) %. When silica and air are additionally in-
troduced, no further change occurs.  When the curves are 
normalised at the peak, their shape is the same as for the 
water equivalent control (Fig 5b). This means the Silver 
Covered Scintillator dosimeter can be calibrated to read 
dose correctly but is not strictly water equivalent. 

The simulation results for the Naked Scintillator dosime-
ter are shown in Figs 5c and 5d. In this case, the introduc-
tion of the silver has a much smaller effect on the dose de-
posited in the scintillator (Fig 5c) and lies on the control 
curve within the error limits of the simulation (1%). When  
 

5.b 

5.c 

5.d 

5.a 
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normalised to the peak, the curves are unchanged (Fig 5d). 
We conclude that the Naked Scintillator version of the air 
core dosimeter is effectively water equivalent.  

 
Fig. 6 Schematic diagrams for geometries used to study the proximity 
effect. The small rectangles show the scintillator volumes and the long 
rectangles represent the air core in cases b and c. The beam is normal to the 
plane of the diagram with its centre at the lower scintillator. The distance 
between the upper and lower dosimeter is increased from 0 to 50 mm in the 
direction shown by the arrow 

The geometry for studying the proximity effect is shown 
in Fig 6. For both the Silver Covered and Naked Scintillator 
dosimeters the results are shown in Fig 7 using the 8×8 cm2 
J spectrum.  

 
Fig. 7 The results of simulations to determine the proximity effects using 
the geometry shown in Fig 6. “Separation” refers to the distance between 
the dosimeter axes.  The Energy Fraction is normalised to the Control . 
Case a is where all components are water except for the sensitive volume 
which is PVT. Case b-covered refers to the geometry b in Fig 6 for a Silver 
Covered scintillator. Case b-Naked refers to the corresponding Naked 
Scintillator. Case c-Naked refers to the geometry c of Fig 6 for a Naked 
Scintillator 

For the Naked Scintillator dosimeter, the results show the 
reading agrees with the control, there is no proximity effect 
and the dosimeter reads correctly (to better than 1%) even 
University of Sydney when the scintillators are touching. 
Note that as expected, the Silver Covered Scintillator reads 
high by 36 ±3% for this field size. For this dosimeter type, 
there is an increase in response of approximately 3%, when 
the scintillators are touching.  

IV. CONCLUSIONS  

The Monte Carlo simulations show that the Naked Scin-
tillator air core dosimeter is effectively water equivalent and 
has no proximity effect. It is therefore suitable for use in 
array dosimetry in external beam radiotherapy.  
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Abstract—Slow scan CT (SSCT) has been utilized for radia-
tion treatment planning based on the assumption that coverage 
of full tumor motion during scanning time would yield a rea-
sonable output in determining internal target volume (ITV) 
margin. However, inconsistency in projection data due to the 
motion would result severe distortion in reconstructed image 
and therefore, careful precaution must be taken. In this study, 
we have simulated and evaluated the effect of tumor motion on 
reconstructed image of SSCT with different respiratory dura-
tions. Projection data was generated through ray tracing for-
ward projection method assuming that tumor sphere oscillates 
vertically with sine function at single respiratory duration. 
Measurement of projection data was taken by full coverage of 
respiratory duration from single to ten. Evaluation was done 
with calculating percentage radial deviation at the trajectory 
of tumor motion. Results have shown that at least three times 
of duration coverage during the scan time is necessary to rep-
resent ITV close to that in ideal. The findings of this study 
have shown that careful precaution on motion coverage must 
be taken before acquiring appropriate ITV margin of SSCT. 

Keywords—Tumor motion artifact, Slow-Scan CT, Radia-
tion treatment planning. 

I. INTRODUCTION 

During past decades, there has been rapid amount of 
progress in radiation therapy planning techniques on en-
hancing the accuracy of PTV margin. However, uncertain-
ties concerning with moving tumors with high range such 
as lung and liver cancer is still a critical and remaining 
issue. In order to solve these uncertainties, various types of 
scanning methods such as breath holding technique, respi-
ratory gated phase wise CT scanning (i.e. 4DCT), fast scan 
CT (FSCT) and SSCT have been developed and optimizing 
their characteristics for clinical use is being actively carried 
out. [1-2] 

Our viewpoint was concentrated upon the characteristic 
of SSCT. Several reports have shown that SSCT defines the 
total movement distance of the tumor but motion artifact 
due to inconsistencies in the slice plane sinogram may result 
in under-dosing of the target volume and increase toxicity to 
surrounding normal tissues. [3-6]  

In this study, we have simulated how effect of tumor mo-
tion artifact in SSCT propagates with coverage of different 
respiratory durations. It was based on the assumption that 
scanning time of CT is controllable to cover increasing 
number of respiratory periods. Physical evaluation of arti-
fact propagation with increasing number of duration would 
be reported here.  

II. MATERIAL AND M ETHOD 

A. System Description and Data Acquisition 

The 256-detector row multi detector CT (MDCT) was 
designed for the simulation and its system configuration is 
shown in Table. 1.  

Table 1 System Configuration of MDCT 

Configuration  Value 
Source to axis distance (SAD)  600mm 
Source to detector distance (SDD)  1200mm 
Detector pixel size  1.25mm 
Number of detectors (Transverse)  512 
Number of detectors (Cranio-caudal)  256 
Number of projections  360 
Scan angle  360 Degrees 
Number of voxel data  512 x 512 x 64 
Voxel Size (Axial)  1.0 mm x 1.0 mm 

Voxel Thickness  2.5 mm 

Projection data of moving phantom at respective scan 
angle was acquired by forward projection algorithm based 
on ray tracing method. Reconstruction was done with Feld-
kamp-Davis-Kress (FDK) method filtered by the ramp fil-
ter. [7-8] 

B. Numerical Moving Phantom  

To investigate the artifact propagation through numerical 
simulation, we have assumed that the spherical shape of 
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tumor at isocenter oscillates vertically with sine function. 
The position of moving phantom during acquisition of pro-
jection data which is denoted as f(x), is described as  
follows:  

2( ) 2.0 sin( ) (cm)
Total Number of Projections

kxf x π= ×  

Where x, k corresponds to projection number and number of 
durations respectively. The radius of tumor was 3cm and 
simulation was carried out with increasing the number of 
duration from 1 to 10. 

C. Physical Evaluation 

For the physical evaluation of output data, we have im-
ported percentage radial deviation of segmented data with 
assigned radius of tumor phantom.  

Percentage radial deviation is defined as normalized 
standard deviation of boundary distance measured from 
center of respective axial position with ideal radius of tumor 
phantom in segmented volume. Since tumor phantom was 
assumed as sphere, calculating percentage radial deviation 
with assigned radius of tumor phantom at the trajectory of 
tumor motion can be appropriate parameter to measure the 
motion artifact of the phantom. Percentage radial deviation 
which is denoted by R.D is calculated by the following 
equation:  

 

Where, B.D, I.R, and N represents boundary distance from 
center of axial plane, assigned tumor radius and total num-
ber of sampled  data, respectively. For the image segmenta-
tion, 30% of ideal tumor CT value was assigned as the thre-
shold value. 

III. RESULTS  

Fig. 1 shows the reconstructed phantom at the center of 
axial position with ideal case and increasing number of 
duration coverage. Looking closely, it is clearly seen that 
the shape of reconstructed phantom at single and two dura-
tions is distorted due to insufficient amount of data at  
particular angles.  Fig. 2 represents the percentage radial 
deviation with increasing number coverage. The result 
shows that the percentage radial deviation of reconstructed 
data is enhanced after three durations.  

 
             (a)                        (b)                         (c) 

 
 (d)                        (e)                         (f) 

Fig. 1 Reconstructed Tumor Phantom at Center Axis with ideal case (a) 
and coverage of single (b), two (c), three (d), four (e) and five (f) durations 

 

Fig. 2 Percentage radial deviation of reconstructed phantom with the 
coverage of increasing number of durations 

 
(a)                        (b)                        (c) 

 
(d)                        (e)                         (f) 

Fig. 3 Volume rendered by polygonal surface of moving tumor phantom at 
center axis with ideal motion trajectory (a) and coverage of single (b), two 
(c), three (d), four (e) and five (f) durations 
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Fig. 3 represents the volume rendered by polygonal sur-
face of tumor phantom with ideal motion trajectory and 
increasing number of duration coverage. It is very clear that 
artifact of the tumor volume has been reduced drastically 
from third duration coverage. 

IV. CONCLUSION  

In this study, we have performed physical evaluation of 
SSCT covering different number of durations in motion 
through numerical simulation. The result showed that at 
least three times of duration coverage during the scan time 
is necessary to represent ITV close to that in ideal. Compar-
ing our simulated result with experiments and applying it to 
the clinical use will be performed in the next step. However, 
the findings of this study have shown that careful precaution 
on motion coverage must be taken before acquiring appro-
priate ITV margin of SSCT. 
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Abstract  In 2004, the calibration system of 

therapy-level dosimeter sensitivity has been reformed 
in Japan. An organization of new dosimeter 
calibration system by Association for Nuclear 
Technology in Medicine (ANTM) was launched from 
April, 2004 instead of the old system which was 
operated by Japan Radiological Society (JRS). Since 
then, about 5 years have passed, and the calibration 
work has been carried out favorably in general. It is 
thought that the transfer of dosimeter calibration 
system was performed smoothly. 

The reference dosimeters of ANTM are calibrated 
by the comparison with the standard dosimeter 
owned by National Institute of Advanced Industrial 
Science and Technology (AIST) that is the PSDL of 
radiation dose in Japan. ANTM acts as a SSDL 
practically, i.e. ANTM calibrates dosimeters used in 
clinical institutions in whole Japan. As the old system 
by JRS had several calibration steps, the reduction of 
uncertainties accompanying with standard transfer 
steps would be expected in new system by ANTM. 

The total of the dosimeter calibrated by ANTM 
from April/’04 to March/’09 was 3,407 and the total 
of ionization chamber was 7,746 that are divided into 
two groups of 4,900 cylindrical type (63%) and 2,846 
shallow type (37%). The average of ratios of 
calibration factor to previous one was almost 1.000 
and the standard deviation of ratios was almost 0.006 
every year. Therefore, the variation of calibration 
factors delivered by ANTM are so small that the 
calibration system by ANTM works in stable and 
traceability of therapy level dosimeter in Japan is 
maintained effectively and in high level. 

 
Keywords  Calibration, Dosimeter, Radiotherapy, 
Traceability, Dose standard 

I. INTRODUCTION 
 
For many years, the traceability of the dose for 

radiotherapy had been confirmed by the activity of the 
Dose Standard Center for Medical Treatment (DSC) 
which was one of the enterprises of Japan Radiological 
Society (JRS). However, to recent years, continuation of 
such an enterprise by JRS was becoming difficult due to 
the change of social circumstances and the replacements 
of 60Co unit to linear accelerator. As an alternate of JRS 
system an organization of new dosimeter calibration 
system by the Association for Nuclear Technology in 
Medicine (ANTM) was launched from April, 2004. This 
is the first and only one calibration system operated with 
commercial base for therapy level dosimeter in Japan. In 
the following, the outline of the calibration system and 
the performance of past 5 years by ANTM are described. 

 
II. MATERIALS AND METHODS 

 
A. Traceability of dose used in radiotherapy in Japan 
 

The national standards of radiation dose are 
maintained by National Institute of Advanced Industrial 
Science and Technology (AIST) as the PSDL in Japan. 
AIST delivers the standards to several SSDL and other 
institutions which work as dosimeter calibration center. 
Until 2003, dosimeters used in radiation therapy were 
calibrated by Dose Standard Center for Medical 
Treatment (DSC) that was organized by JRS. DSC was 
placed in 13 districts in whole area of Japan. The 
reference dosimeters of DSC were calibrated by the 
comparison to the secondary standard dosimeter owned 
by National Institute of Radiological Sciences (NIRS) 
which was one of the SSDL of Japan. However, to recent 
years, continuation of such an enterprise by JRS was 
becoming difficult. In 2004, ANTM started a new 
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calibration system for therapy-level dosimeter while 
DSC stopped calibration work. 

Dosimeters used at users’ sites should be traceable to 
the primary standard as close as possible to assure that 
the dose measurements performed by different users are 
in same level. Steps to transfer the standard increase the 
uncertainty of the measurement at the user’s site. The 
reference dosimeters of ANTM are calibrated by AIST 
directly. ANTM acts as a SSDL and calibrates 
dosimeters used in clinical institutions that are doing 
radiotherapy in whole Japan. It is expected that the 
uncertainty accompanying with standard transfer steps 
would be reduced. 
 
B. Calibration system of ANTM 
 

The dosimeter calibration system of ANTM is 
undertaken according to the following contents: 

 ANTM makes a contract with NIRS to borrow a 
secondary standard dosimeter and a room where a 
60Co irradiation unit is installed and other 
instruments including thermometer and barometer. 
Then ANTM establishes the standard field of 60Co 
gamma-ray and performs the calibration work of 
dosimeters there. At present, AIST delivers air kerma 
and exposure as the standard of photon beam used in 
radiotherapy. The calibration by ANTM is, therefore, 
carried out in air. ANTM will switch this condition 
to measurements in water phantom when AIST will 
start to deliver the standard of water absorbed dose in 
2010. 

 The fundamental contents of calibration methods are 
based on the “Standard Dosimetry of Absorbed Dose 
in External Radiotherapy” published by Japan 
Society of Medical Physics (JSMP) in 2002[1] and 
Technical Reports Series No. 398 published by 
IAEA in 2000[2]. 

 The dosimeter used is AE132R (Oyo Giken Inc. 
Japan) and its detectors are C110 Farmer-type 

ionization chamber (Oyo Giken Inc. Japan). This 
dosimeter is calibrated by the comparison with 
primary standard established in AIST annualy. 

 In enforcement of calibration business, ANTM 
employs medical physicists as the personnel in 
charge. They carry out calibration work together with 
technical workers who are dispatched from 
Accelerator Engineering Cooperation (AEC) by a 
charged contract. The medical physicists also 
superintend operations which concern the calibration 
procedures, and inspect the published report 
(calibration certificate). 

    
   The traceability and dosimeter calibration system by 
ANTM is shown in Fig. 1. Fig. 2 and Fig. 3 are the 
secondary standard dosimeter calibrated by AIST used in 
calibration work by ANTM and setup of calibration 
(60Co unit and Farmer type ionization chamber). 
 
 

 

Order Certificate 

Fig. 1 Traceability and dosimeter calibration 
system by ANTM 

AIST (PSDL) 
Supply of Standard 

ANTM (SSDL) 
Calibration of Users’ 
Dosimeter using 60Co 
gamma-ray field

NIRS 
Offer of 60Co unit, 
other instruments

Users 
 Medical institutions 
 Venders of dosimeter
 Suppliers of dosimeter

Fig 2 Dosimeter used in calibration work by ANTM Fig. 3 Setup of calibration 
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Table 1 Record of dosimeter calibration of ANTM by fiscal year. Lines A of dosimeter 
and ionization chamber are the total in fiscal year and lines B are the object that was 
calibrated twice a year is counted as 1. The numbers of institution are estimated with 
same manner too. 
Fiscal year 2004 2005 2006 2008 2009 
Working days 72 77 104 93 93 

Dosimeter A 564 595 743 729 776 
B 535 571 695 689 730 

Ionization chamber (Cyl.) A 772 844 1,085 1,039 1,160 
B 743 798 1,013 967 1,080 

Ionization chamber (P.P.) A 416 490 634 624 682 
B 411 474 597 589 640 

Institution  483 507 595 577 620 

III. RESULTS 

The summaries of calibration by ANTM from 
April/’04 to March/’09 is shown in Table 1. Numbers of 
dosimeter and ionization chamber calibrated show a 
yearly increase except in 2008. The cumulative total of 
dosimeters calibrated in 5 years was 3,407 while the 
cumulative total of ionization chamber was 7,746 that are 
divided into two groups of 4,900 cylindrical type 
(63.3%) and 2,846 shallow type (36.7%). This proportion 
is almost same through the past 5 years. The working 
days per year are from 72 to 104 that depend on the 
number of dosimeter requested by users to be calibrated 
and working circumstances. The 60Co unit was replaced 
in 2006 and the enhanced output contributed to the 
improvement of the working efficiency in 2007 and 2008. 
The average of dosimeters calibrated per day in each 
year ranged from 7.1 to 8.3, while the average of 
ionization chambers ranged from 16.5 to 19.8 per day.  
 
 

IV. DISCUSSION 
 
The performance by ANTM during 1st year was 

almost equal to that of the last fiscal year by JRS. It is 
thought that change of dosimeter calibration system 
progressed smoothly. And the increase of calibration 
number year by year shows that the system by ANTM is 
accepted in radiotherapy institutions. 

Among the calibrated dosimeters, about 75% were 
applied through the manufacturer/vender of dosimeter, 
and 25% were direct request from users. It means that the 
maintenance of dosimeter depends on the subcontract 
with mediators in many institutions. Variations of 
calibration factor were estimated with ionizations 
chambers that had former calibration record. Table 2 
shows the distribution of ratios of new and old factors. 
The average of ratios was almost 1.000 and the standard 

deviation was about 0.006 each year. The variation of 
calibration factors delivered by ANTM are so small that 
the calibration system by ANTM works in stable and 
traceability of therapy level dosimeter in Japan is 
maintained effectively and in high level. 
   In 2008, ANTM was registered as a JCSS calibration 
laboratory. JCSS (Japan Calibration Service System) 
consists of the National Standards provision system and 
the Calibration laboratory accreditation system 
introduced by the Measurement Law. Under the JCSS 
system, calibration laboratories are assessed and 
accredited as Accredited Calibration Laboratories to 
meet the requirements of the Measurement Law, relevant 
regulations and ISO/IEC 17025. Therefore, ANTM 
meets the requirements laid down in those laws and 
regulations. Calibration certificates issued by ANTM 
with JCSS symbol assure the traceability to National 
Measurement Standard as well as a laboratory’s technical 
and operational competence. 
 

Table 2 Variation of calibration factor of ionization 
chambers 
Range (%) 2004 2005 2006 2007 

    - 97.9 1 5 6 7 
98.0- 98.5 3 6 14 4 
98.5- 99.0 21 19 46 18 
99.0- 99.5 100 188 198 88 
99.5-100.0 191 329 441 458 

100.0-100.5 203 293 448 503 
100.5-101.0 83 52 89 185 
101.0-101.5 25 12 13 22 
101.5-102.0 0 2 12 12 
102.0- 3 5 8 10 

Total 627 911 1,275 1,307 
Average(%) 100.000 99.846 99.895 100.078

S.D. 0.614 0.625 0.611 0.563
 
 

V. CONCLUSION 
 

1. The calibration of therapy-level dosimeter in Japan 
had been carried out by JRS for long time. However, 
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in recent years, it was obliged to reform by the 
change of social and working conditions. 

2. In place of JRS, a new calibration system which was 
organized by ANTM started in April, 2004. 

3. In place of JRS, a new calibration system which was 
organized by ANTM started in April, 2004. 

4. In the past year, the calibration work by new system 
was carried out without any serious trouble. The 
target number that was predicted in the beginning 
was almost achieved and records in past 5 years were 
satisfactory. 
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Abstract—The use of a transport system for out-of-
treatment room set-up in external beam radiotherapy has been 
verified. We have looked into the vibrations which a patient is 
subject to during movement of the trolley as well as the accu-
racy achieved when using a reclining table for patient set-up 
and immobilization. The accuracy that can be achieved by the 
reclining approach is compared to conventional methods cur-
rently in use. 

Keywords—Patient transport, reclining, repositioning  
accuracy. 

I. INTRODUCTION  

In external beam radiotherapy it is customary to use pa-
tient set-up procedures were the patient is immobilized in 
the treatment room using a vacuum bag located on the 
treatment couch. This procedure has been in use for many 
years and is well-proven but it comes with several draw-
backs in terms of repositioning accuracy as well as the prob-
lem for elderly people to easily enter the treatment position.  

We have developed a concept allowing a patient to 
“step” into the immobilization device, while standing up, 
using a loading station. Once steadily adjusted to the cradle 
the device is reclined to horizontal position. This minimizes 
the need for adjustment of the patient position on the couch. 
Internal organs will thereby only be subject to gravitational 
movements and these are sought to be reproducible during 
the course of radiotherapy. This procedure may also be 
performed outside of the treatment room, thereby increasing 
patient throughput. 

Radiotherapy using highly advanced conformal treatment 
techniques, e.g. IMRT and hadron therapy, will require 
verification of the planned treatment volume prior to treat-
ment. This can be done at the treatment location using 
kVCT or MVCT or even outside of the treatment room with 
conventional diagnostic imaging tools, e.g. CT. Alterna-
tively, the use of MRI may be an option as it will drastically 
reduce the dose to otherwise healthy tissue due to the verifi-
cation procedures. 

The out-of-treatment room set-up procedure requires 
means of transporting the patient in the immobilized  

position in between the imaging station and the treatment 
room and the patient positioning system. 

II. METHODS AND MATERIALS 

A. Transport System 

The transport system is comprised of a trolley allowing 
the patient to be transported in-between the loading station 
or imaging device and the treatment room and its couch. 
The trolley is driven by electrical motors, one on each 
wheel, powered by a rechargeable battery. Depending on 
facility layout the transport roads may be quite complex and 
it is therefore paramount that trolley movements be smooth 
so that the set-up procedure is not invalidated. Suppression 
in vibration and jerk has been aimed for during system im-
plementation [1]. We have investigated acceleration and 
vibrations on the moving trolley as well as those the trolley 
is subject to during the docking and undocking procedures. 

B. Patient Set-Up 

A patient positioning system has been constructed which 
allows the smooth translation from standing position into 
horizontal position by means of reclining a treatment table.  
A conventional whole body immobilization bag has been 
used as support for the patient and the bag was fitted to the 
patient in supine position. The same immobilization bag 
was used for both the reclining technique and the traditional 
set-up procedure. 

The same patient was asked to perform the alignment 
procedure at three separate occasions during each day. The 
reclining as well as the conventional set-up procedure was 
performed consecutively. These procedures were performed 
at 30 occasions during 10 days, thus corresponding to a long 
term course of radiotherapy. 

The immobilization bag is positioned on the indexed 
treatment table and the table is then tilted for the reclining 
positioning technique. Using the reclining technique, the 
patient is asked to enter the footrest in order to stand com-
fortably with the back against the cradle. The next step 
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includes moving the patient from vertical to horizontal by 
means of an electric motor without any further patient assis-
tance, see Fig. 1. This procedure takes less then one minute. 

 
Fig. 1 Experimental reclining set-up 

For the traditional set-up procedure, the same patient is 
asked to climb onto the couch with the immobilization de-
vice already in place. The patient then puts his body in the 
cradle and adjusts his immobilization to fit into the foam 
comfortably. 

After each of the set-up procedures, the position is re-
corded using a laser scanning system.  

 
Fig. 2 Image displaying the region of interest used during patient set-up 

The laser scanning system thereby generates a displace-
ment vector in the x-, y- and z-directions (coordinate system 
according to IEC 61217 [2]). The comparison procedure is 
based on a comparison towards a reference image generated 
on the first day of immobilization. The region of interest 
used includes the surface from the pelvis and up to the be-
ginning of the neck, see Fig. 2. 

III. RESULTS AND DISCUSSION 

A. Transport System 

The trolley has been undocked from the loading station 
and then moved 20 meters, according to a simulated maze 
transport pattern, before returning to the loading station for 
docking. The overall time for this procedure was 2.9 min-
utes. Table 1 shows the measured root-mean-square (RMS) 
velocity of the vibrations during each transport cycle. 

Table 1 Maximum acceleration and jerk during trolley transport 

Action Time used [s] Acceleration [m/s2] Jerk [m/s3] 

Undocking 25 0.15 0.16 
Transport 115 0.25 0.26 
Docking 35 0.15 0.14 

The vibrations and jerk that a patient is subject to are 
quite low due to the integrated Ackerman compensation and 
differentiated speed control of each wheel during motion 
and an ultrasound positioning control system during dock-
ing and undocking. Our own limits of <1 m/s2 for accelera-
tion/deceleration and <0.3 m/s3 for jerk have been met. 

The largest forces are exhibited during trolley move-
ments. The movements during the experiments have been 
performed on a standard industry floor in good shape but 
not purpose manufactured for trolley movements. The vi-
brations are therefore expected to be further reduced when 
floors are manufactured with higher tolerances. 

B. Patient Set-Up 

The set-up procedure using conventional set-up shows 
that the largest uncertainties appear in the y-direction, see 
Fig. 3. This effect appears in spite claims that the position-
ing procedure feels comfortable and appropriate by the 
patient. 

The reclining technique results in an increased accuracy, 
see Fig. 4. The precision is also higher and this is especially 
evident in the y-direction. 
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Fig. 3 Set-up procedure using conventional set-up 

In general, the accuracy is improved using a reclining 
technique for set-up, see Table 2. During this initial phase, 
we have looked at the external contour but a secondary 
effect using the reclining technique is the potential for better 
localization of the internal organs as well. These improve-
ments may be used for reducing margins during treatment 
planning or applying different adaptive procedures. 

Table 2 Set-up displacements 

Displacement Conventional set-up [mm] Reclining set-up [mm] 

x-direction -0.9±0.5 -0.6±0.3 
y-direction 1.5±4.7 -0.7±1.8 
z-direction 0.7±0.4 -0.2±0.7 

IV. SUMMARY AND PERSPECTIVE  

The use of a reclining technique adds to a better patient 
positioning. The practice-changing approach of reclining 
the patient leads to a more reproducible set-up procedure 
while the accuracy during treatment is enhanced. 

The reclining technique also allows using more flexible 
approaches in department design as the loading station may  
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Fig. 4 Set-up procedure using reclining set-up 

be located remotely and the patient transported between the 
radiotherapy station and the dressing area, or optionally pre-
verification, thereby allowing higher patient throughput or 
alternative target verification methods. 
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Application of 2 Step IMRT to Spinal Tumors: A Preliminary Retrospective 
Planning Study Comparison with Classical IMRT 

M.B. Gainey, K. Bratengeier, and M. Flentje 

University of Würzburg, Department of Radiation Oncology, Würzburg, Germany 

Abstract—A geometry based treatment methodology, 2 Step 
IMRT, was employed to perform a retrospective planning 
study for spinal tumors. Four such tumor localisations were 
considered: 3 cases with a single treatment volume and one 
case with two nested treatment volumes. Four simple metrics 
were defined and used to evaluate the quality of the plans. The 
results show that 2 Step IMRT performs at least as well as a 
reference plan, simultaneously maintaining or improving the 
dose coverage of the PTV(s), the dose gradient near the domi-
nant organ at risk (spinal column) and reducing the number of 
segments required for treatment delivery. Currently the gen-
eration of 2 Step segments is labor intensive. However, this will 
be automated in the near-future to enable a more comprehen-
sive study to be performed. 

Keywords—IMRT, dose gradient, 2 Step IMRT. 

I. INTRODUCTION 

2-Step IMRT is a geometry based methodology used for 
the initial definition of IMRT segments [1]. This technique 
uses the projection of the planning treatment volume (PTV) 
and organ at risk (OAR) in the beams eye view (BEV). A 
retrospective planning study was performed to evaluate the 
appropriateness of this technique to generate plans of suffi-
cient quality as compared to clinical plans. Four patient 
cases with spinal tumor or spinal metastases localization 
were selected, since they provide a simple test bed i.e. a 
single dominant OAR (spinal column). 

II. METHODS 

A retrospective planning study was performed for spinal 
cord tumors, or spinal metastases, employing the Philips 
Pinnacle3TM version 8.0 treatment planning system (TPS). 
A standard IMRT plan was first created. 2-Step IMRT was 
employed to generate competing treatment plans. All treat-
ment plans were made for the commissioned Elekta Syner-
gyTM S linear accelerator with a BeamModulator™ MLC, 
having a leaf width of 4 mm at the isocentre. Moreover all 
plans used 9 gantry (collimator) angles: 00 (10), 200 (30), 
400 (50), 800 (70), 1200 (50), 2400 (30), 2800 (10), 3000 (30) and 
3400 (50). The collimator angle varied between 10 and 70  

to avoid dose accumulation due to the tongue and groove 
effect. 

A.   Generation of IMRT Reference Plan 

In a first step a standard IMRT plan (A) of clinically ac-
ceptable quality was generated. The direct aperture optimi-
sation (DAO) as implemented by the RaySearchTM direct 
machine parameter optimisation (DMPO) algorithm in the 
TPS was employed: 5 steps fluence optimisation followed 
20 steps leaf optimisation. This reference plan followed a 
standard in-house dose-volume histogram (DVH) objec-
tive/constraint schema. This uses a plurality of ring-like 
structures surrounding the target volume (PTV), i.e. a 1 cm 
thick structure abutting the PTV (PTV_1-0), a 1 cm thick 
structure abutting the latter (PTV_2-1), a patient outline 
structure (Outline) and (Outline-(PTV+2)) where PTV+2 is 
the PTV expanded by 2 cm in every direction. 

Two optimisation cycles were used, each having a 
maximum number of 50 segments for a single PTV (cases 
1-3) or 100 segments for 2 nested PTVs (case 4): PTV1 and 
PTV2 are disjoint and are defined to be the innermost vol-
ume and PTV2 outermost volume respectively. Cases 1-3 
had a prescribed dose of 60 Gy to the PTV delivered in 20 
fractions, whereas case 4 had two dose levels of 60 Gy and 
40 Gy –again delivered in 20 fractions. A minimum seg-
ment area of 10cm2 was chosen for cases 1-3, whereas 6cm2 
was used for case 4. Furthermore no minimum monitor unit 
(MU) value was employed for the first optimisation cycle. 
In a subsequent optimisation run segments having a weight 
less than 2 MU were discarded and the DVH objec-
tives/constraints were tightened without resetting the beams. 
In this manner a near-optimal plan can be generated. The 
plan is said to be near-optimal since the solution is ac-
knowledged to be degenerate, i.e. a global minimum is not 
found for the DVH constraint/objective set. 

B.   Generation of 2-Step IMRT Plan 

Subsequently a 2-Step IMRT plan (B) was generated 
employing the tightened DVH constraint/objective set. In 
practice a copy is made of plan A in which all machine pa-
rameters (beam energy, gantry angle, collimator angle), 
dose grid and DVH constraints/objectives are already de-
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fined. The theory behind 2-Step IMRT has been described 
elsewhere [1], but the basics will now be briefly described.   

2–Step IMRT employs 3 types of segments: zeroth, first 
and second order which are shown schematically in figure 
1.  Zeroth order segments are conformal and cover the en-
tire PTV, first order segments are similar but the OAR is 
shielded by the MLC. Second order segments are narrow 
segments which abut the OAR on either side and are in-
tended to saturate the dose in the PTV proximate to the 
OAR. This is an approximation to Brahme’s solution [2], 
wherein a segment of finite width and weight (MUs) is em-
ployed. 

2-Step segments were generated by hand for each gantry 
angle, inserting control points if necessary. This process is 
labor-intensive and currently takes approximately 1 hour, 
but will be automated in the near future by reading in the 
DICOM RT Structure Set and RT Plan files using the Vega 
C++ library. Once all 2-Step basic segments are defined 
then all weights (MUs) are initialised to be non-zero. In a 
first optimisation step a segment weight optimisation is per-
formed using the DVH constraints/objectives. This helps to 
“prune” superfluous segments: all segments with less than 2 
MUs are discarded. Then a second optimisation cycle is 
performed on the pruned segments, this time employing 
DMPO. In this manner a fine-tuning of the shape of the 
pruned segments is performed. After this process one can 
normally identify the order (0th, 1st or 2nd) of these seg-
ments. 

 
 

 
Fig. 1 Schematic diagram showing geometric relationship between basic 2-
step segments and PTV and OAR 

Subsequently the quality of the two plans, A and B, was 
compared using the following four simple metrics: 

• Standard deviation of dose to the reduced PTV, 
σ (PTVx) - see below 

• Effective dose gradient proximate to spinal col-
umn, ∇ D – see below 

• Number of segments, S 
• Number of MUs per Gy absorbed dose (per  

fraction), μ 

A volume named PTVx [4] is obtained by subtracting the 
spinal column from the PTV and then contracting the result-
ing volume by x mm in all directions. For this study 5 mm 
was used i.e. PTV5 was generated. For case 4 (2 nested 
PTVs) the same procedure was performed for the innermost 
and outermost PTVs, PTV1 and PTV2 respectively. Thus 
(PTV1)5 and (PTV2)5, were generated for case 4. The stan-
dard deviation of the dose to these reduced volumes is used 
as a simple and effective metric for the steepness of the 
DVH gradient. 

The effective dose gradient ∇ D, Gy/mm, proximate to 
the spinal column (SC) was evaluated by determining the 
maximum dose in two additionally created contours: spinal 
column + 2 mm (SC+2) and spinal column -2 mm (SC-2). 
The dose gradient was taken to be the difference in the dose 
maxima of these two contours divided by the 4 mm radial 
extent . 

III. RESULTS 

 
Fig. 2 DVH for Patient 1 comparing reference IMRT plan A (dashed line) 
and 2- Step plan B (solid line): red (SC-2), dark blue (SC), light blue 
(SC+2), red (PTV-SC) and light green (PTV5) 

 

PTV
Fluence

1st Order 

2nd Order 

0th Order 

OAR 
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Fig. 3 DVH for Patient 4 comparing reference IMRT plan A (dashed line) 
and 2-Step plan B (solid line): red (SC-2), dark blue (SC), light blue 
(SC+2), purple (PTV2-SC), yellow (PTV1) and light green (PTV15). The 
dosing was performed using D90 for the PTVs 

Table 1 Summary of plan quality metrics. For case 4 PTV15 is used as 
defined in the text. The best value for each metric is typed in bold to assist 
the reader. The ratio of the values for both plans for each metric was de-
termined and summarised as the mean and its standard error in the final 
row  
 σ(PTV5) ∇ D 

[Gy/mm] 
S μ  

[MU/Gy] 
Patient A B A B A B A B 

1 3.0 3.1 6.1 6.5 57 37 462 447 
2 2.4 2.1 5.2 5.5 29 30 299 305 
3 3.8 3.5 1.8 2.4 48 36 434 364 
4 3.6 1.7 2.2 2.4 100 57 319 303 

 σA/σB ∇ DA / ∇ DB SA/SB μA/μB 
Mean 0.82 ± 0.12 1.14 ± 0.07 0.75 ± 0.10 0.94 ± 0.04
 

 

 
 

Fig. 4 Dose distribution for case 4 showing transversal, sagittal and cor-
onal slices for plan A (left) and plan B (right). The red colored volume is 
PTV2, whereas the yellow volume is PTV1. The 100% isodose line (60Gy) 
is shown in orange and the 67% isodose line (40Gy) is shown in teal 

For patient 1 the standard deviation does not differ sig-
nificantly between classical and 2-Step IMRT. However the 
2-Step plan is advantageous with respect to the steeper gra-
dient proximate to the SC, the total number of segments and 
the MUs required per Gy of the fractional prescription dose. 
For patient 2 the standard deviation and dose gradient is 
better for the 2-Step IMRT plan. The number of segments 
and MU/Gy are both indicators of the efficiency of treat-
ment delivery, in addition to being indicative of the addi-
tional scatter dose caused by IMRT MLC delivery are com-
parable. That is a smaller number of segments can be deliv-
ered to the patient quicker than a larger number: If the num-
ber of MUs per Gy is large, about 500, this indicates that 
there is a relatively large number of small segments. For 
case 3 2-Step IMRT offers a better quality plan across all 
four metrics considered (25% fewer segments and 16% 
fewer MUs per Gy. For case 4 the standard deviation and 
number of segments (43%) are considerably less for the 2-
Step plan that the classical IMRT plan. The dose gradient is 
slightly improved from 2.2 to 2.4 Gy/mm, and the number 
of MUs is slightly better for the 2-Step IMRT plan.  Figure 
4 clearly shows that the dose coverage achieved for PTV1 
and PTV2, orange (60 Gy) and teal (40 Gy) isodose lines 
respectively, is better for plan B than plan A. 

The mean values of the ratios for each metric differ from 
1, deviating 1.5 to 2.5 standard errors from the mean. B 
tends to be superior to A in all categories; however, no de-
finitive comments can be made. Nevertheless these prelimi-
nary results are tantalizing. 

IV. CONCLUSIONS 

The planning study performed to date only considers four 
cases due to the labor intensive procedure of generating the 
2-Step segments by hand. Some progress has been made 
recently in automating this process by reading in DICOM 
RT Plan and RT Structure Set files and generating a new 
RT Plan file containing the basic segments. This will enable 
a more comprehensive planning study to be performed. 

In general the results indicate that 2-Step IMRT performs 
at least as well as classical IMRT and for most cases con-
sidered is considerably better, i.e. steeper dose gradient, 
fewer segments and MUs per fraction. For case 2 this is 
clearly not the case. 2-Step IMRT is not a “magic bullet” 
modality but rather seems to be an useful tool in generating 
plans which require steep dose gradients proximate to 
OARs whilst simultaneously reducing the number of seg-
ments required for treatment delivery and maintaining or 
ameliorating the dose plateau in the target volume - 
σ(PTV5)- as compared to classical IMRT. It remains to be 
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seen whether this technique is appropriate for regular clini-
cal routine cases or only for special cases. 
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Anthropomorphic Phantom in Radiotherapy Treatment Plans 
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Abstract— The main purpose of this work is to provide a 
comparison between two different methods for building up 
Voxelized Anthropomorphic Phantoms in Radiotherapy 
Treatment Plans. The Zubal Phantom is the reference phan-
tom utilized in order to construct the voxelized models by 
means of a Matlab program, in which the two different metho-
dologies for the description of the geometry are implemented. 
The irradiation of the resulting phantoms was simulated with 
the MCNP5 (Monte Carlo N-Particle) transport code, version 
5, and the calculations presented in particle flux maps inside 
the phantoms by utilizing the FMESH tool, superimposed 
mesh tally. The two different methodologies used for the de-
scription of the geometry of the phantoms are subject to the 
MCNP5 language, one uses intersecting planes to depict every 
voxel, and the other makes use of the lattice card. The different 
variables involved in the simulation were analyzed: particle 
flux, MCNP standard deviation and real simulation CPU time 
cost. 

Keywords— Voxelization, Anthropomorphic Phantoms, Latice 
Geomtry, MCNP, Radiotherapy. 

I. INTRODUCTION  

Voxelized anthropomorphic phantoms are nowadays 
widely utilized in order to carry out simulations of patient-
based human phantom irradiation in Radiotherapy Treat-
ment Plans. The application of Monte Carlo methods in 
Treatment Plan software requires large computer time to 
perform the simulation of such phantoms and therefore 
different methodologies need to be tested to maximize the 
efficiency of the voxelizing methods. MCNP5 (monte Carlo 
N-Particle) is a Monte Carlo transport code that is very 
useful for the simulation of voxelized phantoms due to the 
large capabilities it presents for the description of the geo-
metry of repeated structures such as voxels. Intersecting 
planes is the easiest way to automate the building up of an 
input geometry, but it results in a large number of cells that 
makes the computer time cost for the simulation very large. 
A lattice card can be otherwise be used and therefore the 
computer time cost lowered. 

In the present work, simulation of the irradiation of the 
Zubal Head Phantom voxelized throughout a matlab algo-
rithm is run in order to provide the comparison of these two 
methodologies. 

All simulations are carried out with the MCNP (Monte 
Carlo N-Particle) transport code, version 5, and the calcula-
tions result in particle flux inside the phantoms, by means of 
the FMESH MCNP tool, a superimposed mesh tally over 
the problem geometry. The main purpose of this work is to 
evaluate the different methods (lattice and intersecting 
planes) for describing the geometry when building up anth-
ropomorphic phantoms for dose calculations in radiotherapy 
treatment plans. In the end the different variables resulting 
from the simulation of the models are compared, for in-
stance the particle flux, the standard deviation (dispersion), 
simulation real CPU time cost, CPU memory required, etc. 

II. MATERIALS AND METHODS 

A. Voxelization method and geometry description 

A voxelization program was built in Matlab code in order 
to integrate self constructed voxelized anthropomorphic 
phantoms in Treatment Plan software for dose calculation 
purposes. Segmented CT images are required to begin the 
calculations. The program functions as follows. 

The main routine first calls a subroutine which inputs the 
CT slices and performs an interpolation to define the inten-
sities of pixels between slices for which no information is 
provided, according to the resolution of the images. In order 
to carry this out, the code asks for the x, y and z resolution, 
and with this information interpolates slice-to-slice, so that 
the phantom is prepared with an equal pixel resolution in 
the three axis directions, resulting in a 3-dimensional ma-
trix, whose entries designate an index number for each pix-
el, which indicates the organ or structure to which this pixel 
belongs. 

A next subroutine divides slice-to-slice into squares, and 
the proportion of different pixel intensities is computed, 
storing this information in cells that correspond to the 
squares of each image. Another subroutine identifies the 
intensities of the pixels with the organ materials, and applies 
the proportion of each pixel intensity to the corresponding 
material composition in the corresponding cell or square. 
After every slice is processed, two matrices result defining 
the mixture material composition and the material density in 
each square. The program makes afterwards the interpola-
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tion between every square in the z axis that belongs to the 
same voxel, according to the voxel size, resulting in two 3-
Dimensional cell matrices where every cell depicts the ma-
terial mixture of a voxel of the phantom. 

A final subroutine transforms these two matrices in an 
MCNP input deck format text file, where each voxel is 
related to a density and a material mixture defined by the 
proportional composition of chemical elements. Inside this 
subroutine lie the two different methodologies which are 
compared in this work.  

In one case the program depicts the voxels via intersect-
ing planes situated at a distance equal to the voxel size one 
from each other, in the three directions, and then relates the 
materials and densities of each voxel to a cell.  

In the second case, the program describes the voxels via 
repeated structures representation using the lattice card. The 
lattice card is used to define an infinite array of hexahedra 
or hexagonal prisms. The order of specification of the sur-
faces of a lattice cell identifies which lattice element lies 
beyond each surface. The set of input data is a combination 
of integers of organ or tissue identification numbers, the 
dimensions of the phantom elementary voxel and, finally, 
material specifications along with densities for every organ 
or tissue. In the end, the lattice card significantly reduces 
the number of cells utilized for the simulation. 

The final input includes the source, the MCNP5 tally tool 
FMESH superimposed mesh tally (a tally defined over the 
problem geometry), the desired physics options, and the 
voxelized phantom. 

B. Zubal phantom and application 

The MATLAB algorithm is utilized to create an MCNP 
voxelized human head phantom input from the Zubal Phan-
tom, courtesy of Dr Zubal [1]. This phantom consists of 243 
pre-segmented slices, 42 of which correspond to the head. 
The phantom is a 128 x 128 x 243 bytes volume with the 
same resolution of 4 mm in the three directions, and the 
portion used for this paper is a 128 x 128 x 42 bytes mul-
tiple-image file that corresponds to the head of the phantom. 

The Zubal Phantom is segmented so that an index num-
ber is defined in each pixel of the slices. Every index num-
ber contains the information of a given organ or internal 
structure; 31 of such index numbers are assigned to the 
head.

Making use of this information, the 42 slices correspond-
ing to the head of the Zubal Phantom are input into the 
MATLAB program. In this case, no interpolation is needed 
since the phantom already has an equal resolution in the 
three directions, and we made the voxel size coincident with 
the resolution in order to obtain pure organ materials. Sub-
sequently, the program identifies each index number with a 

material composition and passes the information to the last 
routine which transforms it into an MCNP input. The 31 
index numbers are limited to the compositions defined in 
the ICRU REPORT 46 [2] and 44 [3], resulting in 13 differ-
ent biological materials. The ones not defined in the ICRU 
REPORT are defined as average tissue, which is the materi-
al defined in the ICRU REPORT as an average of all soft 
tissues.

The resulting head MCNP model is an input of 177828 
voxels or cells, shown in figure 1. 

Fig. 1 Zubal Head Phantom visualized with Sabrina code 

C. Simulation with MCNP 

The voxelizing MATLAB program builds up the vox-
elized anthropomorphic phantoms which are output together 
with a Cobalt Radiotherapy Unit model in an MCNP format 
input. 

Previous works [4] validated a 60Co Radiotherapy Unit, 
which provided this work with a model of the irradiator. 
The model was used in a previous simulation in order to 
obtain an rssa surface source file, which is the file written as 
result of the MCNP5 simulation when the SSW/SSR card is 
used. This option of the MCNP code allows registering the 
particles that reach a defined surface and stores them in a 
file that can be used as a new source for further simulations, 
saving up computing time. In this case, the rssa surface 
source file was the starting point of 940700 particles regis-
tered and resampled to 1011 (from the original 109 with 
which the validation was initially simulated). The model is 
designed with a Surface Source Distance (SSD) of 80 cm 
from the original source to the first voxel of the phantom in 
the x axis. The rssa surface source file is placed at 36.2 cm 
from the original source. 

The FMESH tally is utilized with the purpose of defining 
a mesh tally superimposed over the problem voxel geome-
try. The FMESH tally calculates by default the track length 
estimate of the particle flux, averaged over a mesh cell, 
which in our case corresponds to a voxel, in units of par-
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ticles/cm2·s. The tally results are presented with an asso-
ciated percentage error value. 

The MCNP code has been parallelized in an SGI Altix 
3700, using the MPI parallel protocol, in this case with 6 
processors. Furthermore, the MCNP code has been adapted 
to the problem geometry, in the case of the intersecting 
planes model, by increasing the maximum number of cells 
allowed in the input geometry description [5] to 200000 
with the Intel Fortran Compiler, on the Linux parallel com-
puting machine. 

III. RESULTS AND DISCUSSION 

A. Particle flux and MCNP standard deviation 

First the case of the lattice card geometry description is 
presented. Particle Flux (particle/cm2·s) and standard devia-
tion are given for a transverse XY plane situated at the cen-
ter of the phantom. 

Fig. 2 Particle Flux in a transverse plane for the lattice model 
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Fig. 3 MCNP standard deviation in a transverse plane for the lattice model 

Figure 2 shows the photon beam that reaches the phan-
tom. As it can be seen the particles are absorbed inside the 
phantom, and a gloom effect can also be observed at the 
limits of the beam. In figure 3 the standard deviation (%) is 
shown. The MCNP recommendation of 0.05 is accom-
plished within the beam, and a little overcome outside the 
beam, where less nuclear reactions occur. 

Second the case of the geometry description throughout 
intersecting planes is presented. Particle Flux (par-
ticle/cm2·s) and standard deviation are also given for a 
transverse XY plane situated at the center of the phantom. 

Fig. 4 Particle Flux in a transverse plane for the planes model 
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Fig. 5 MCNP standard deviation in a transverse plane for the planes model 

Figure 4 shows the photon beam reaching the phantom. 
The shape of the beam and the values are almost identical to 
the case of the lattice geometry, as expected. In figure 5 the 
standard deviation (%) is shown. A little lower values result 
outside the beam, but the values inside are also below the 
0.05 recommended value. 
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B. Time cost and memory 

The lattice model required 121 minutes in order to simu-
late the 1011 initial particles and around 2.02 Gigabytes of 
computer memory. From the original particles 904954 
reached the mesh tally, and 1775240060 collisions occurred 
in total. 

On the other hand, the intersecting planes model required 
739 minutes for the simulation of 1011 initial particles and 
around 22.5 Gigabytes of computer memory. From the 
original particles 904954 reached the mesh tally and a total 
of 1929865716 collisions occurred. Table 1 summarizes the 
most important parameters. 

Table 1 Comparison of the main parameters 

Model Real CPU Time Cost 
(min) 

CPU Memory (Gb)

Lattice model 121 2.02 

Intersecting planes 
model 

739 22.5 

IV. CONCLUSIONS  

Voxelization is a crucial methodology for the simulation 
of patient based phantoms in Radiotherapy Treatment Plans. 
This work proves that within the two methodologies utilized 
for the geometry description of a voxelized model in the 
MCNP5 input deck format, the one that makes use of the 
lattice card reduces about 6 times the CPU time cost for the 
simulation and requires about 11 times less CPU memory 
for the calculations. In addition, no modifications in the 

code are needed in the lattice case, whereas the other me-
thodology needs to modify the code in order to overcome 
the limitation of number of cells depicted in the input.  

Still the voxelization methodology needs further devel-
opment in order to reduce the CPU time cost even more to 
make realistic real time calculations for Radiotherapy 
Treatment Plans.  
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Abstract— A system for measuring the accuracy of the me-

chanical isocenter of linear accelerators is presented. Experi-

mental equipment as well as software for recording the inac-

curacies in the position of the rotational axes of the gantry, col-

limator and treatment table were developed and tested at the

Institute of Oncology Ljubljana. For each of the axis, two di-

mensional shifts were calculated in order to minimize the un-

certainty of the position as much as possible without moving

the linear accelerator or treatment table. For a particular linear

accelerator we found that the position of the three axes can be

improved significantly. After corrections, the positions of the ro-

tational axes of the gantry, collimator and treatment table were

within circles of radius: 0.07 mm, 0.10 mm and 0.23 mm, with

the uncertainty of 0.06 mm (k = 1 SD). These data confirm that

our linear accelerator is mechanically suitable also for stereo-

tactic radiosurgery.

Keywords— Isocenter, linear accelerator, accuracy, mechanical

isocenter, radiotherapy.

I. INTRODUCTION

Mechanical stability of linear accelerators (linacs) used
in radiotherapy is of crucial importance for geometrically
accurate dose delivery to the predefined tumor target. The
most important requirement is the accuracy of the mechani-
cal isocenter which is ideally the point of intersection of three
axes: gantry rotation axis, collimator rotation axis and rota-
tion axis of the treatment table. However, in practice, these
three axes do not intersect at one specific point in the space,
but only come closest together within a best compromise
sphere. The center of this sphere is referred to as the nominal
isocenter of the linac. In standard radiotherapy, the diameter
of this sphere should not exceed 2 mm, while the require-
ments are even more stringent in stereotactic radiosurgery
using linacs, where the diameter of the sphere should be less
than 1 mm. Various approaches have been developed in the
past in order to find an optimal position of the isocenter [1],
[2], [3], [4], [5], [6].

The aim of the study was to find a reliable quantitative
way of defining the positions of all three axes individually
at the existing linac used for stereotactic radiosurgery (Var-
ian Clinac 2100 C/D) and to find the values around which

they fluctuate. For that purpose we developed a system for
measuring the mechanical positions of rotational axes of the
gantry, collimator and treatment table as well as the proce-
dure of how to correct their positions in order to obtain the
smallest circle of rotation for each of the axis.

II. METHOD AND CALCULATION

A. Measuring disc

A measuring disc of aluminium with a diameter of 10 cm
was manufactured in order to measure the accuracy of three
rotational axes (gantry, collimator and table) of a linac. Mark-
ers with thickness of 0.3 mm, which serve for positioning the

Fig. 1: Set-up for testing the accuracy of the gantry rotation axis. Gantry is
in position 180◦, holder for LVDT sensor is attached to the linac head with

a magnet and the aluminium disc is rigidly mounted onto the treatment
table. The center of the disc is positioned in the isocenter defined by the

room lasers.
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Fig. 2: Schematic electrical circuit of LVDT sensor with AC supply

disc in the initial isocenter defined by the room lasers, were
engraved on the disc. The disc was manufactured with high
precision (the uncertainty is of the order of 0.01 mm). The
disc was used in two basic set-ups: when testing the accuracy
of the gantry rotation axis, the disc was in vertical position (in
the plane of the gantry rotation); during the testing of the ro-
tational axis of collimator and table, the disc was in horizon-
tal position. The measuring disc has two micrometer drives
which facilitate the correction of the position of the mechan-
ical isocenter after the initial measurements were performed.
The corrections are possible in the rotational planes. The disk
and typical set-up for testing the accuracy of the gantry rota-
tion axis are shown in Figure 1.

B. Measuring sensor

A linear variable differential transformer sensor, LVDT
(model DCTH200AG company RDP Electronics Ltd.), with
a sliding tip and a spring with low spring coefficient was cho-
sen for measuring the displacements [7]. In a robust metal
housing, there are three transformer windings (coils), one pri-
mary and two secondary ones (Fig. 2)

The movement of the sensor tip which is connected to the
ferromagnetic core induces a change in the voltage on two
secondary coils, U1 and U2. The output voltage that we mea-
sure is Uout =U1−U2 and is proportional to the displacement
of the sensor tip with linearity 0.22 %. Nominal sensitivity of
the sensor is 976.56 mV/mm with very low calibration uncer-
tainty of 2.6 μm (confidence level 95 %).

C. Measuring procedure

Three sets of measurements were performed separately for
the rotations of gantry, collimator and treatment table. Fig-

ure 1 shows the typical set-up for testing the accuracy of the
gantry rotation axis. The center of the aluminium disc was po-
sitioned in the initial isocenter position defined by the room
lasers (ceiling and two lateral) in the plane of gantry rotation.
The LVDT sensor was attached to the holder which was fixed
to the linac head with a magnet. The sensor tip touched the
disc orthogonally to the axis of the gantry rotation and the
disc axis, and slided smoothly around the perimeter of the
disc during the rotation. The gantry was rotated through the
full angle of 360◦ and Uout was measured and recorded ev-
ery 10◦. The acquired data for Uout were transformed into the
relative displacements of the sensor tip.

In order to ensure the data transfer from LVDT sensor to
a computer, we used a 16 bit 12 channel A/D converter. Ap-
propriate software within the National Instruments Labview
environment was developed in order to record the measured
data and transform the output voltage to the displacement val-
ues.

A similar set-up was made and measurements performed
also for the other two rotational axis of the linac (collima-
tor and treatment table). When measuring the accuracy of the
collimator rotation axis, the sensor was rotated around the
measuring disc, as in the case of gantry rotation, and when
measuring the accuracy of the table rotation, the measuring
sensor was fixed to the linac head and the table, with the disc,
rotated. The data were analyzed and an optimal position of
the isocenter in the plane of rotation was found for each rota-
tional axis.

D. Calculation procedure

To calculate the optimal positions of the axes of rotation
from the measured data, two coordinate systems were used:
one defined by the room lasers and another one associated
with the element that rotates (i.e. gantry, collimator or treat-
ment table). The system defined by the lasers was considered
as a fixed system with orientation according to IEC 61217
[8]. The origin and orientation of the rotating system are not
generally coincident with those of the fixed system.

To study appropiately the movement described by the sen-
sor tip, the inclination of the axis of rotation from the orthog-
onal direction to the measurement surface should be consid-
ered. However, the inclination had been monitored during the
measurements, and it was always less than 0.5◦; therefore, it
was neglected.

During the rotation of the gantry, the position of the mea-
suring device is constant in the rotating system, but not in
the fixed system. The variable that can be obtained from the
measurements is the distance between the origin of the fixed
system and the position of the sensor tip, ρ(γ), projected on

  
 IFMBE Proceedings Vol. 25  

990 B. Casar et al.



Fig. 4: Rotation of gantry (a), collimator (b) and treatment table (c).
(x:red),(+:blue) are the measurements (with uncertainty k = 1SD) before

and after the correction of the isocenter. The solid line fits the
measurements according to the equations of movement of the sensor tip.

Abscissas represent the angle of rotation, and ordinates the measure, m(γ),
of the sensor

Fig. 3: O, O’ are the origins of the fixed and rotating system, respectively.
ρ(γ) is the distance between the origin of the fixed system and the position
of the sensor tip, projected on the plane of measurement. (a,ϕ) and (b,γ0)

are the polar coordinates of the isocenter of rotation in the fixed system, and
the measuring device in the rotating system, respectively.

the plane of measurement (Fig.3). More accurately, the result
of the measurement is the difference between the distance of
the sensor tip and the radius of the cylinder: m(γ) = ρ(γ)−r.
If the isocenter of rotation is considered static, then m(γ) can
be calculated according to [9]:

m(γ) =
√

a2 +b2 +2abcos(γ + γ0 −ϕ)− r (1)

where, (a,ϕ) and (b,γ0) are the polar coordinates of the
isocenter of rotation in the fixed system, and the measuring
device in the rotating system, respectively, and γ indicates
the angle of rotation.

Fitting the measurements with the equation (1), the most
probable position of the axis of rotation of the gantry can be
calculated, and also the magnitude of wobble and sag.

Similarly, the equations of movement of the sensor tip dur-
ing the rotations of collimator and treatment table can be ob-
tained and, with them, the positions of the rotational axes.

III. RESULTS

Fig. 4 and Table 1 show the measurements before and af-
ter repositioning the isocenter of rotation, and the distances
between the fixed system and the rotational axes.

Before repositioning, the maximal distances measured by
the sensor were: 0.90 mm, 1.29 mm and 0.97 mm, with the
uncertainty of 0.06 mm (k = 1 SD), for the gantry, colli-
mator and treatment table, respectively. The measurements
were very well fitted by the equations of movement of the
sensor tip, the regression coefficients (R2) are 0.998, 0.999
and 0.962. Only for some angles of the treatment table, the
distance between the fitting curve and the results clearly ex-
ceeded the uncertainty (k = 1 SD) of the measurements. It
means that the rotation of the treatment table wobbled, but

  
 IFMBE Proceedings Vol. 25  

Measuring System for Testing the Mechanical Isocenter Accuracy of Medical Linear Accelerators 991



Table 1: Distance between the origin of the fixed system and the axes of rotation, before and after repositioning the isocenter for every rotating element

Rotating element Max.distance(before) Regression

coefficient

Max.distance(after) Position of the isocenter

Gantry 0.90±0.06 mm 0.998 0.07±0.06 mm x = 0.86 mm , z = -0.36 mm

Collimator 1.29±0.06 mm 0.999 0.10±0.06 mm x = 1.01 mm , y = 0.83 mm

Table 0.97±0.06 mm 0.962 0.23±0.06 mm x = 0.81 mm , y = 0.57 mm

the gantry and collimator rotated almost ideally, i.e. without
noticeable wobble.

The radial distances between the origin of the fixed system
and the isocenters of rotation were around 1 mm. Neverthe-
less, after repositioning the fixed system with the coordinates
of the axes of rotation, the maximal distances measured by
the sensor were: 0.07 mm, 0.10 mm and 0.23 mm, with the
uncertainty of 0.06 mm (k = 1 SD). These maximal distances
are the radii that circumscribed the positions of the axes of
rotation.

Clearly visible wobbling was seen for some angles of the
treatment table also from the measurements made after repo-
sitioning the isocenter, which additionally proves that the de-
veloped measuring system is reliable.

IV. CONCLUSION

A measuring system developed at the Institute of Oncol-
ogy Ljubljana has been proven as a reliable tool for testing
the mechanical isocenter accuracy of linear accelerators. In
our study the accuracy of the position of the rotational axes
for the gantry, collimator and treatment table were individ-
ually improved significantly after repositioning the isocenter
defined by the room lasers. After corrections according to the
calculations, the positions of the rotational axes of the gantry,
collimator and treatment table were within circles of radius:
0.07 mm, 0.10 mm and 0.23 mm, with the uncertainty of 0.06
mm (k = 1 SD).

Easy set up, fast procedure, accurate quantitative results
and low uncertainty confirm that the presented method can
be used regularly as a part of QA/QC system in the radio-
therapy departments. Furthermore the method could be also
a valuable tool for acceptance test after the installation of lin-
ear accelerators, especially those that will be used for linac
based stereotactic radiosurgery. The present method can also
be used to calculate the shift of the isocenter defined by the
room lasers that describes the optimal sphere within witch all
three axes of rotation intersect.
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Abstract— There is increasing interest in incorporating 
functional and biological information obtained by non-
invasive, three-dimensional tumor imaging into radiotherapy 
planning. A great deal of research results shows the benefit of 
positron emission tomography (PET) for radiotherapy plan-
ning. As PET gives information about tumor biology not only 
in a qualitative but also in a quantitative manner, it is essential 
to carefully check the software that is used.  

One way to quantify the PET data is to calculate  the stan-
dardize uptake value (SUV).  With the help of SUV values, 
gross tumor volume (GTV) can be segmented for example 
according to the ratio of  the SUV of the tracer in the tumor 
relative to some normal tissue (e.g., blood or muscle) or to the 
maximum uptake in the tumor.  In the past it was only possible 
to determine SUV values in the diagnostic software. The inte-
gration of  SUV value calculation directly into the planning 
software opens the possibility for radiotherapists to quantita-
tively integrate PET data into radiotherapy planning software.  

The goal of this work was to validate the algorithm of the 
SUV value calculation integrated in iPlan (BrainLAB) treat-
ment planning software by comparison of SUV values calcu-
lated in iPlan software with SUV values calculated in Esoft and 
TrueD (both Siemens Medical Solutions). The study has been 
performed with the help of phantom measurements and by 
using patient data. We are able to show that calculation of 
SUV in the iPlan software results in valid values. Therefore it 
seems safe to use this software for further studies. 

  
Keywords— Quantitative PET imaging, SUV, Gross tumor 

volume delineation 

I. INTRODUCTION  

Optimal definition of gross tumor volume (GTV) is de-
pendent on proper integration of multimodal imaging in-
formation. The information gained from different imaging 
modalities (computed tomography, magnet resonance to-
mography or positron emission tomography (PET)) used for 
defining GTV in radiotherapy is usually of a complemen-
tary nature. Positron emission tomography offers additional 
information about tumor extension and biology. Several 

authors have shown that PET could improve target volume 
delineation (1-6). Moreover successful integration of PET in 
radiotherapy planning, might allow to identify radioresistant 
regions that can be targeted for dose escalation (Grosu et al., 
FAZA-paper). However, visual adjustment of the SUV may 
result in unreliable target volumes. Therefore, in order to 
apply PET and SUV values for the GTV delineation, the 
quantitative application of PET data is mandatory (1). 

One way to quantify the information that PET offers is to 
calculate the standardized uptake values (SUV) by norma l-
izing the activity uptake to body weight and injected dose. 
Software tools including this calculation were developed for 
diagnostic software used in Nuclear Medicine, primarily 
and not in the radiotherapy planing software. Calculation of 
SUV values has been integrated in the iPlan4.0 treatment 
planning system (BrainLAB, Heimstetten, Germany). The 
aim of this work was to validate the SUV calculation algo-
rithm by comparison of SUV values calculated in iPlan4.0 
with SUV values calculated in Esoft and TrueD Software 
(Siemens Medical Solutions, Erlangen, Germany). The 
study has been performed on phantom measurements and 
patient data for different tracers.    

II. MATERIAL AND METHODS 

A. Calculation of SUV 

PET and CT Studies were done with the PET/CT Scan-
ner (Biograph 16, Siemens) and data were saved in the 
DICOM format. DICOM files contain amongst others in-
formation about the following parameters: grey value, re-
scale slope, rescale intercept, time of injection, scan time, 
decay factor, halftime of the radionuclide, injected dose and 
patient weight. Those parameters were used to calculate the 
local activity of each pixel and SUVs. The SUV value is 
defined as: 
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SUV = activity in the tissue/[injected activity/patient 
weight] 

 
The local activity for every pixel in the PET scan was 

calculated as: 
 
Local activity = (RescaleSlope * grayvalue) + RescaleIn-

tercept 
  
and SUV value for each pixel: 
 
SUV = local activity * scale factor,  
 
where the scale factor is computed in the following way: 
 
scale factor = patient weight * 1000/ (injected dose * de-

cay factor*0.5) 
 
 This algorithm has been integrated into iPlan. 
 

B. Phantom measurements 

Fillable plastic spheres with an inner diameter of 16, 22, 
28, 34, and 56 mm were placed in a 20-cm diameter plastic 
cylinder filled with aqueous 18F solution. The spheres were 
filled with activity concentrations of 40, 100, and 200 
kBq/mL, Background activity was 2.5 kBq/mL. Positron 
emission tomography data were acquired for 10 minutes. A 
CT image was acquired for attenuation and scatter correc-
tion of the PET data according to the clinical protocol. Posi-
tron emission tomography images were reconstructed using 
an attenuation-weighted ordered subset expectation maxi-
mization algorithm using four iterations and eight subsets; 
attenuation correction and scatter correction were per-
formed. After reconstruction, a 5-mm postreconstruction 
Gaussian filter was applied to the images. Phantom data 
were transferred to an iPlan workstation. 

The measurements were performed for each sphere for 
three different activity concentrations. Maximum values of 
SUV in each sphere, for each activity concentration were 
determined in both TrueD and iPlan Software.  

 

C. Patient data 

Five patients with bronchial cancer that had a PET inves-
tigation with 18-F FDG tracer, four patients with head and 
neck tumours that had an PET investigation with 18-F-
FAZA tracer and seven patients with glomus tumors that 
had PET investigation with Gluc-Lys[18F]-TOCA (five 
patients) or with 68Ga-DOTATOC (2 patients) were se-

lected for the study. PET and CT data of those patients were 
imported in iPlan. PET images for all patients were recon-
structed on the same way as it  is previously described for 
phantom measurements. For each patient, in both systems, 
iPlan and Esoft or TrueD, a gross tumour volume (GTV) 
was defined with the visual help of CT and PET data. For 
the delineated GTVs the maximum value of SUV was se-
lected.  
 

D. Data comparison 

The SUV values calculated in iPlan Image 4.0 were com-
pared with the results from the Esoft or True D Software. 
Maximal SUV values are used as comparison criteria. Dif-
ferences were calculated as proportional negative or posi-
tive offset of values collected in iPlan in relation to values 
collected in TrueD or Esoft. 

III. RESULTS 

A. Phantom measurements 

Maximal SUV values for the phantom measurements for 
different spheres in iPlan and TrueD are listed in Table1.  

The proportional offsets of values measured in iPlan 
fluctuate around zero in both negative and positive direc-
tion. The highest deviation measured was 9 % in negative 
direction. 

Table 1  SUVmax in iPlan and TrueD for phantom measurements 

Sphere 
(mm) 

Asphere 
/Aback ground 

SUVmax 
(iPlan) 

SUVmax  
(True D) 

Relative difference [%] 

16 16 
40 
80 

0.49 
1.26 
2.21 

0.51 
1.28 
2.25 

-4.0 
-2.0 
-2.0 

22 16 
40 
80 

0.50 
1.22 
2.25 

0.47 
1.17 
2.14 

+6.0 
+4.0 
+5.0 

28 16 
40 
80 

0.51 
1.23 
2.51 

0.55 
1.24 
2.49 

-7.3 
-0.8 
+0.8 

34 16 
40 
80 

0.49 
1.15 
2.40 

0.53 
1.25 
2.55 

-8.0 
-9.0 
-6.0 

56 16 
40 
80 

0.50 
1.26 
2.59 

0.50 
1.29 
2.64 

0.0 
-2.0 
-2.0 

Asphere/Abackground is ratio of activity concentration in sphere and background 
activity 
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B. Patient measurements 

 Maximal SUV values in iPlan and Esoft for four pa-
tients with FAZA-PET and five patients with FDG-PET 
tracer are listed in Table 2. 

The proportional offsets of values measured in iPlan 
fluctuate around zero with a tendency to the negative direc-
tion. The highest deviation measured was 1.2 % in negative 
direction. 

 
 

Table 2 SUVmax in iPlan and Esoft for patient measurements 
Measurement 
for: 

SUVmax (iPlan) SUVmax (Esoft) Relative difference 
[%]  

FAZA, Pat 1 1.62 1.61 +0.6 
FAZA, Pat 2 5.99 5.97 +0.3 
FAZA, Pat 3 1.65 1.66 -0.6 
FAZA, Pat 4 2.60 2.66 -2.0 
FDG, Pat 1 3.40 3.42 -0.5 
FDG, Pat 2 8.21 8.28 -0.8 
FDG, Pat 3 9.23 9.34 -1.2 
FDG, Pat 4 13.64 13.75 -0.8 
FDG, Pat 5 14.56 14.67 -0.7 

 
 
 
Maximal SUV values in iPlan and TrueD for two patients 

with with 68Ga-DOTATOC and five patients with Gluc-
Lys[18F]-TOCA tracer are listed in Table 3. 
 The proportional offset values were only in negative 
direction. The highest deviation measured was -2.6 %. 

 
 

 
Table 3  SUVmax in iPlan and True D for patient measurements 

Measurement 
for: 

SUVmax  
(iPlan) 

SUVmax  
(True D) 

Relative difference [%] 

Ga68 Dot, Pat 1 207.31 212.77 -2.6 
Ga68 Dot, Pat 2 144.11 147.46 -2.3 
F18 Oct, Pat 1 7.35 7.5 -2.0 
F18 Oct, Pat 2 56.96 61.03 -1.7 
F18 Oct, Pat 3 13.44 13.64 -1.5 
F18 Oct, Pat 4 22.28 22.6 -1.4 
F18 Oct, Pat 5 101.4 102.9 -1.4 

 
Statistical analysis performed in SPSS shows very good 

correlation (correlation coefficient 1) between SUVmax for 
all patient data and satisfying correlation (correlation coef-
ficient 0.951) for phantom measurements. Differences be-
tween median values in iPlan and Esoft (True D) were 0.02, 
0.06 and 1.5 for measurements presented in Tables 1,2 and 
3 respectively.  

IV.  CONCLUSIONS  

Comparison of the SUV values calculated in iPlan 4.0, 
with SUV values found in TrueD and Esoft software gave  
relatively consistent results for all phantom measurements 
and tested patients. Differences were larger in the phantom 
measurements using 18F and TrueD. For patient measure-
ments the differences in SUV values between iPlan and 
Esoft and TrueD were small. The differences in SUV values 
could be due to the different PET matrix interpolation by 
different software. Such details about SUV calculations are 
not made available by the companies. Those small differ-
ences are not supposed to influence the GTV delineation 
using quantitative PET information significantly, but should 
be kept in mind. This is important for clinical implementa-
tion of using PET data directly in the radiotherapy planning 
software.  
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Abstract— Since 1989, the translation technique for TBI

treatments was used at the Institute of Oncology Ljubljana with

good clinical result. Due to the increasing unreliability of the

system we currently use, we decided to design and manufacture

a new system. New system proved to be reliable as the most im-

portant parameter that was tested, speed of the treatment table,

can be controlled within 0.2% of the prescribed treatment table

speed. The system was manufactured in cooperation with the

company PS d.o.o, Logatec, Slovenia.

Keywords— TBI,radiotherapy, translation technique, total body

irradiation.

I. INTRODUCTION

Total body irradiation (TBI) is a special radiotherapeutic
technique for the treatment of predominantly hematological
diseases, such as leukemias and lymphomas. The technique is
mainly used for conditioning prior to bone marrow transplan-
tation (BMT) in combination with intensive chemotherapy.
The main objective of TBI is to deliver a uniform dose within
±10% of the prescribed dose to a patient’s whole body, while
optimally sparing critical organs (lung). This is not so easy
achievable due to the variations in patient’s thickness and
density of patient’s tissue.

Several TBI techniques have been developed and de-
scribed in the past among them four methods are presently
used in most hospitals:

1. Treatment at extended SSDs
2. Removal of machine collimator
3. Translation method [1]
4. Sweeping beam

Several dosage and fractionation schemes were applied in
the past; presently the most common presription is 12 Gy de-
livered in 6 fractions at two frations per day over three days.

Total body irradiation (TBI) using translation method has
been used at the Institute of Oncology Ljubljana since 1989.
From the beginning until now hyperfractionated technique
was used so that six fractions of 2.0 Gy were delivered twice
a day on a 60Co unit Theratron 780C, while shielding the

lung as the organ at risk.
Between the years 1989 and 2007, a total of 162 patients

were treated at our institute with this method before BMT.
More than 50% of those were treated for accute leukemias.
The median survival for all treated patients was not reached
and relapse free survival was more than 80%. There were no
toxic deaths and very few radiotherapy related complications,
being mostly of grade 1 or 2. Good clinical results encour-
aged us to continue with the translation technique.

During the past 20 years, the mechanical parts of the sys-
tem as well as electronical parts became more and more unre-
liable. Thus, we decided to design an up-to-date and reliable
TBI system for translation method which is briefly presented
in this paper.

II. MATERIALS AND METHODS

Fig. 1: New TBI system with treatment couch and rails located in the 60Co
treatment room

TBI procedure at the Institute of Oncology Ljubljana is
well described in [2] so we present only a short resume.

O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/I, pp. 996–997, 2009. 
www.springerlink.com 



New system for translational method of TBI that was man-
ufactured in cooperation with the company PS d.o.o. (PS
d.o.o, Logatec, Slovenia). Basic components are: remotely
controlled movable treatment couch with couch support sys-
tem (rails), electronic cabinet and mobile control panel.

A. Treatment couch and support system

Rail guides of support system consists of three parts made
of aluminium, which are rigidly connected when system is in
treatment position; all connecting elements are made of steel.
The length of the assembled system is 504 cm and can be
accomodated even in a small radiotherapy room (bunker). In
our case the system is fixed diagonally on the floor in the
bunker where we have 60Co treatment machine Theratron
780C (Fig. 1). The driving system of the treatment table con-
sists of precise tooth belt and servo motors with accurate reg-
ulation of table speed and position. Schematic drawings are
on Figure 2.

Fig. 2: Two views of the new treatment couch and support system for TBI
translation technique

B. Electronic cabinet and mobile control panel

All necessary electronical equipment for accurate control
of table speed and position is in the electronic cabinet (Fig. 3).
The cabinet is located in the treatment room and is connected
to the mobile control panel in the operator’s room. With the
control panel, we can control all important parameters among
them actual speed and position of the treatment table.

C. Testing the system

Among many tests of the system, the most important for
our TBI technique is the one associated with the accuracy
of the treatment table actual speed and its control. Accord-
ing to the system specifications, the data for actual speed are

acquired every ms, and are averaged over 250 ms. The tests
were carried out by monitoring the difference between pre-
scribed and actual measured speed of the treatment table us-
ing mobile control panel.

Fig. 3: Electronic cabinet for TBI system where all necessary electronical
equipment for accurate control of the table speed and position is placed

III. RESULTS AND CONCLUSIONS

During the tests, we compared actual and prescribed speed
of the treatment table. In none of the cases the difference be-
tween them was larger than 0.2%. This confirms that newly
designed and manufactured system is reliable and ready for
clinical use.
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Abstract—Purpose: to verify the extent of equivalence of dif-
ferent Markus ionization chambers and to validate the estima-
tion of free electron fraction value p for parallel ionization 
chambers in very high dose-per-pulse high-energy electron 
beams from an intra-operative radiotherapy (IORT) dedicated 
linear accelerator as proposed in literature. 

Materials and Methods: dose-to-water values were meas-
ured with chemical dosimeters (operated by the Italian Pri-
mary Standard Dosimetry Laboratory) and with a parallel-
plate ionization chambers (Markus, PTW) in IORT electron 
beams from a Linac Hitesys Novac7 (Aprilia-Latina, Italy) 
installed at University “Federico II” of Naples. We determined 
the ion recombination correction factor (ksat) as a function of 
dose per pulse for the ionization chamber through the estima-
tion of free electron fraction value (p). 

Results: The estimate of p from experimental data was 
p=0.336 ± 0.013 .This result was in good agreement with the 
value found by Di Martino et al. for the same ionization cham-
ber model. 

Conclusions: This study confirms that parallel ionization 
chamber can be employed for IORT absorbed dose-to-water 
measurements and in principle could allow to avoid the use of 
the more complex chemical dosimetry. 

Keywords—IORT, free electrons, parallel plate ionization 
chamber. 

I. INTRODUCTION  

Intra-operative radiation therapy (IORT) is a treatment 
modality where a large single radiation dose is delivered 
during a surgical intervention, after the removal of a neo-
plastic mass. In the last years, accelerators specifically de-
signed for IORT have been manufactured. These mobile 
electron accelerators are characterized by a high dose per 
pulse, about 3-12 cGy/pulse compared with 0.1-0.6 
cGy/pulse of conventional linacs. The high dose per pulse 
reduces the irradiation time but at the same time prevents 
the use of the parallel–plate ionization chambers interna-
tionally recommended for “dose-to-water” measurements in 
high energy electron beams [1]. Indeed, because of the high 
density of electric charge produced in the ionization cham-
ber’s volume per pulse, the standard correction factor for 
ion recombination (ksat) is overestimated [2,3]. So dose-rate 
independent dosimeters as ferrous sulphate dosimeters are 

recommended [4]; but on the other hand they have different 
drawbacks like low sensitivity and post irradiation reading. 

At this, Di Martino et al. [5] suggested a new method for 
the ksat evaluation and for an appropriate use of parallel-
plate ionization chamber also in high dose per pulse elec-
tron beams. This method, directly derived from ion recom-
bination Boag theory [2], needs only the knowledge of the 
free electron fraction (p) and the direct measurement of the 
charge per pulse collected by the ionization chambers. 

In our work a dosimetric characterization of high dose-
per-pulse electron beams from a IORT device was carried 
out. Particularly, from our data, we performed a comparison 
and a further validation of the Di Martino’s method for ksat 
determination. 

II. MATERIALS AND METHODS 

The electron beams characterized in this study are pro-
duced by a mobile intra-operative linear accelerator Novac7 
(Hitesys, Italy), especially designed for IORT and installed 
at the University “Federico II” of Naples, Italy. The Novac7 
produces pulsed electron beams width of 4 μs and a pulse 
repetition rate of 5 Hz. The nominal energies range from 3 
MeV to 9 MeV and are denoted with the codes A-B-C-D. 
The accelerator is equipped with a 3D movable arm that can 
be focused on the operating field and the beam is collimated 
by Perspex cylindrical applicators with inner diameters 4, 5, 
6, 8 and 10 cm. The source-to-surface distance (SSD) is 80 
cm, excluding the applicator with diameter of 10 cm for 
which it is 100 cm. This last one is used as reference condi-
tion. Varying applicator’s diameter and energy it is possible 
to obtain different values of dose per pulse in the range 
from 3 to 8 cGy pulse-1. 

A. Absolute Dosimetry 

Absolute dosimetry (Dw) was performed following do-
simetry protocols proposed by IAEA TRS398 and the Ital-
ian guidelines for Quality Assurance in IORT [1,4] and by 
means of ferrous sulphate (FS) dosimeters at the depth of 
maximum dose, dmax, for different combinations of energy 
and applicators. The ferrous sulphate dosimeters consist of 
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sealed glass vials of 7.8 mm inner diameter, 24 mm length 
and 0.5 mm thickness. The volume of the dosimetric solu-
tion is about 1.1 cm3. All measurements were performed in 
a water phantom (RFA 300, Scanditronix-Wellhofer) and a 
dose of more than 60 Gy was given to each vial. Dose cali-
bration and dose assessment were performed at INMRI-
ENEA laboratory, where for dose assessment a UV/VIS 
Cary 400 (Varian) spectro-photometer was used. The stated 
uncertainty in dose measurements was 3.2% and includes 
the perturbation introduced by the vial glass walls. 

B. Relative Dosimetry  

Relative dosimetry (percentage depth dose, dose profiles) 
was performed by means of semiconductor detectors EFD 
and RFD (Scanditronix-Wellhofer) whose characteristics 
are described in table 1. All measurements were made in 
water.  

Table 1 Specific parameters of the semiconductor detectors 

 Active area 
diameter 
(mm) 

Active 
thickness 
(μm) 

Effective 
point (mm) 

Sensitivity 
(Gy/nC) 

EFD 2 60 0.45 40 
RFD 2 60 N/A 33 

C. Determination of ksat 

In the range of dose per pulse values of IORT linac, it 
has been demonstrated [2,5] that the free electron fraction 
(p) must take into account to determine the exact value of 
ksat and the following formula have to be used: 
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where μ (mV/C) is a constant depending on the gas in the 
cavity chamber, d (m) is the distance between the chamber 
plates, V (Volt) is the voltage supply of the chamber, vch 
(m3) is the effective volume of the chamber, ND,w,Q’ is the 
calibration factor for the ionization chamber and Dw,θ,eff  is 
the dose per pulse to water divided for correction factors for 
temperature - pressure (kpt), humidity (kh), polarity (kpol) and 
beam quality (kQQ’) [1]. We used the parallel-plate ioniza-
tion chamber Markus (PTW type 23343, Freiburg). Cham-
ber characteristics are described in table 2. 

According to Di Martino et al., for ksat experimental de-
termination, we performed, with the ionization chamber, a 
set of replicated measurements of dose-to water (Dw,Markus) 
at the depth of maximum dose, dmax, for different combina-
tions of energy and applicators . Each irradiation of ioniza-
tion chamber was performed contemporary to irradiation of 
ferrous sulphate dosimeters (DwFS) obtaining in this way the 
set of data ksat =DwFS/Dw,Markus. 

Table 2 Specific parameters of the semiconductor detectors 

 μ 
 (mV/C) 

d 
(m) 

V 
(Volt) 

vch 
(m3) 

ND,w,Q’ 
(Gy/C) 

β 
(Gy-1) 

Markus 3.02x1010 0.002 300 0.055x10-

6 5.518x108 13.29 

III. RESULTS AND DISCUSSION 

The relative dosimetry showed for the coded energies A, 
B, C and D a value of energy at entrance surface (Eo) of 4.4, 
5.2, 6.2 and 7.2 MeV and a dmax of 8.8, 10.0, 12.0 and 13.4 
mm, respectively.  

The measured ratio DwFS/Dw,Markus and the dose per pulse 
measured with FS dosimeters were reported in fig.1. Fitting 
the experimental data with the equation (1) we obtained a p 
value that was found to be 0.336 ± 0.013 (R2= 0.905). 

Markus

0 2 4 6 8
1.0

1.1

1.2

1.3

Dose/pulse (cGy)

K
sa

t

 
Fig. 1 The ksat vs. dose per pulse values 

The p value estimated by Di Martino et al. for the same 
type of Markus ionization chamber was p=0.354 ± 0.005. 
For evaluating the discrepancy between the two results, a t 
test was performed and no statistically significant difference 
was found (P = 0.2). 
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IV. CONCLUSIONS 

In conclusion, this study confirms that parallel ionization 
chamber can be employed for IORT absorbed dose-to-water 
measurements. Furthermore, our result is in a good agree-
ment with that from literature, and the p value is the same 
for different parallel plate ionization chambers of the same 
model, in this case Markus type. Considering this, in princi-
ple, using the general equation for calculating the absorbed 
dose to water derived from the general theory of Boag [2] 
and the knowledge of the free electron fraction p from the 
literature [5] one could avoid the use of more complex do-
simetry systems like the chemical dosimeters characterized 
by offline reading, low sensitivity and high costs. 
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Abstract— In teletherapy VMC++ is known to be a very ac-
curate and efficient Monte Carlo (MC) code. In principle, the 
MC method is also a powerful dose calculation tool in Brachy-
therapy or for orthovoltage radiotherapy. However, VMC++ is 
not validated for the low energy range of this application. 
Thus, this work aims in the validation of the VMC++ MC code 
for photon beams in the low energy range, i.e. between 20 and 
1000 keV. Dose calculations were performed in a 40x40x40 cm3 
water phantom with two 4 cm thick slabs of bone and lung.  
Dose distributions of mono-energetic (ranging from 20 -
1000 keV) 10x10 cm2 sized parallel beams as well as a 10x10 
cm2 sized parallel beam using the energy spectrum for Irid-
ium-192 were calculated. A voxel size of 4x4x4 mm3 was used 
for all dose calculations. The resulting dose distributions were 
compared with those calculated using EGSnrc, which is used 
as golden standard in this work.  

At energies between 100 keV and 1000 keV, EGSnrc and 
VMC++ calculated dose distributions agree within a statistical 
uncertainty of about 1% (1σσσσ). At energies ≤≤≤≤ 50 keV beams, 
local dose differences for doses > 10% of Dmax of up to 4% 
occur when VMC++ and EGSnrc are compared. Turning off 
Rayleigh scattering, binding effects for Compton scattering 
and the atomic relaxation after photoelectric absorption in 
EGSnrc (not implemented in VMC++) leads to an agreement 
between both MC codes within 2% (local dose difference). 
Although further improvements for very low energies in accu-
racy of VMC++ could be achieved by implementing these 
interactions, this MC Code is able to calculate dose distribu-
tions for Ir-192 brachytherapy within statistical uncertainty. 

Keywords— Monte Carlo, VMC++, Iridium, brachytherapy. 

I. INTRODUCTION  

In teletherapy VMC++ has already been implemented in 
commercial treatment planning systems (TPS) for calcula-
tion of electron beam dose deposition [1]. Recently, 
VMC++ has been validated for 6 and 18 MV photon beams 
[2, 3]. VMC++ provides the possibility of approximating 
dose distributions with KERMA, i.e. performing simula-
tions in KERMA approximation. Thus, very efficient simu-
lations in the low energy range, as used in brachytherapy or 
orthovoltage radiotherapy, are expected. However, to our 
knowledge VMC++ has not been validated for the corre-
sponding energies yet. Hence, this work aims in the valida-
tion of the VMC++ for photon beams in the energy range 
from 20 keV to 1000 keV.  

II. MATERIALS AND METHODS 

A. Monte Carlo Simulations & Setup 

In this work, the version V1.10 (2004/11/18) of the 
VMC++ algorithm is validated. This code is implemented in 
our in-house MC environment of Swiss Monte Carlo Project 
(SMCP, [4]), a flexible and efficient framework for photon 
MC treatment planning. Dose distributions calculated with 
VMC++ were compared to dose distributions calculated 
with the EGSnrc MC code [5]. EGSnrc is a well bench-
marked MC code and is often used as gold standard [6]. In 
this work, the version V4-r2-2-3 of EGSnrc within the user 
code DOSXYZnrc 2006 has been used. For the simulations 
different groups of parameter setting have been used: 
3 parameter sets for VMC++ denoted as subscript PS1, PS2 
and PS3 and 2 parameter sets for EGSnrc referred to as 
subscript PS1 and PS2. For all three parameter sets of the 
VMC++ code ESTEPE = 0.15, PCut = 0.010 MeV, ECut = 
0.010 MeV (kinetic energy) have been set. However, the 3 
parameter set for VMC++ use different cut off energies 
KCut for the kerma approximation (see next paragraph). 
Note that in VMC++PS1 a cut off energy of 10 keV is used, 
i.e. virtually no kerma approximation is used. In the two 
other parameter sets KCut = 400keV (VMC++PS2) and 
KCut = 1MeV (VMC++PS3) have been applied. The MC 
transport parameters for the two parameter sets of the 
EGSnrc code system were PCut = AP = 0.010 MeV, ECut = 
AE = 0.010 MeV (+ 0.511 MeV), ESTEPE = 0.25. The 
reason for the different parameter sets in EGSnrc is that not 
all interactions and settings available in EGSnrc are also 
provided in VMC++. Especially the elastic scattering, the 
binding effects for Compton scattering and the atomic re-
laxation after photoelectric absorption is missing in 
VMC++. Thus, in EGSnrcPS1 elastic scattering, the binding 
effects for Compton scattering and the atomic relaxation 
after photoelectric absorption are simulated, while in 
EGSnrcPS2 these interactions are not simulated. All calcula-
tions were performed using photon cross sections from the 
XCOM database [7]. 

Transport of electrons within a MC code is very expen-
sive in terms of CPU time. This makes a dose calculation 
very inefficient. Besides all variance reduction techniques 
already implemented [8] VMC++ offers the option of ap-
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proximating dose deposition with KERMA approximation. 
Note that scoring energy transfer from photons instead of 
energy deposition from electrons is an efficient way of 
simulating dose deposition. However, this approximation 
assumes the existence of charged-particle equilibrium. At 
low energies (< 400 keV), the energy of the photons is de-
posited near the photon path and CPE is provided. By set-
ting up the parameter KCut, all secondary photons with 
energy below the cut off energy KCut are transported from 
one interaction point to the other by ray tracing and the 
energy is deposited along the photon path. 

All dose calculations were performed in a 
40x40x40 cm3 water phantom. It consists of 100x100x100 
voxels with dimensions of 4x4x4 mm3 where two inho-
mogeneities were simultaneously inserted. A 4 cm thick 
slab of lung (ρ = 0.26 g/cm3) has been placed with the front 
plane at a depth of 4 cm, while a 4 cm thick slab of cortical 
bone (ρ = 1.85 g/cm3) has been placed with the front plane 
at a depth of 12 cm ( 

Figure 1). In the water phantom, dose distributions us-
ing mono-energetic 10x10 cm2 sized parallel photon beams 
at energies 20 keV, 50 keV, 100 keV, 400 keV, 700 keV 
and 1000 keV as well as a 10x10 cm2 sized parallel photon 
beam from the Iridium-192 energy spectrum [9] have been 
calculated with EGSnrcPS1, EGSnrcPS2, VMC++PS1, 
VMC++PS2 and VMC++PS3 by simulating 109, 109, 0.5x109, 
0.5x109 and 0.1x109 histories, respectively.  

 

 

Figure 1: Design of the inhomogeneous water phantom. The yellow arrow 
shows the direction of the incident beam. 

B. Evaluation methods 

In order to compare dose distributions calculated using 
VMC++ with those calculated when using EGSnrc and to 
detect systematic deviations between the two MC codes, 
two evaluation methods have been applied. The first metric 

locates the differences between the two dose distributions 
and gives quantitative information about these differences, 
while the second metric gives information about the sys-
tematic and statistical nature of the differences between the 
dose distributions calculated with the two algorithms. For 
the first metric, depth dose profiles along the central axis as 
well as dose profiles at depths corresponding to the inho-
mogeneities (i.e. lung: 7cm, bone: 15cm) have been com-
pared and local relative dose differences have been deter-
mined. The second metric is the comparison method 
proposed by Kawrakow and Fippel [8]. For the dose profiles 
as well as for the comparisons according to [8], only voxels 
with dose values greater than 20% of Dmax have been con-
sidered. 

III. RESULTS & DISCUSSION 

All simulations with VMC++ yield average statistical 
uncertainties of about 1.0% (1σ) for dose values 
D ≥  20% of Dmax and of 0.8% (1σ) in voxels with dose 
values D ≥  80% of Dmax. Average statistical uncertainties of 
all dose distributions calculated using EGSnrc are about 
0.7% and 0.6% in voxels with dose values ≥  20% and 
≥  80% of Dmax, respectively. 

Comparisons with dose distributions calculated with 
EGSnrc show that at low energies (20 keV - 50 keV) 
VMC++ leads to systematic deviations. This is most likely 
due to the fact that elastic scattering, binding effects for 
Compton scattering and atomic relaxation after photoelec-
tric effect have not been implemented in VMC++ yet. At 
energies ≥ 100 keV, EGSnrc and VMC++ calculated dose 
distributions agree within the statistical uncertainty which is 
about 1% (1σ). 

Figure 2: Comparison of depth dose profiles from the Iridium-192 spec-
trum predicted with VMC++PS1 and EGSnrcPS1. Green points show local 
relative differences between doses. Error bars show 1σ dose uncertainty. 
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After turning off elastic scattering, binding effects for 
Compton scattering and atomic relaxation after photoelec-
tric absorption in EGSnrc, VMC++ agrees with EGSnrc 
within their statistical uncertainty for the phantom consid-
ered and at all energies studied including the energy spec-
trum for Iridium-192. Thus, further improvements can be 
achieved by implementing elastic scattering, binding effects 
for Compton scattering and atomic relaxation into VMC++. 
However, because of the relatively high average energy of 
the Iridium-spectrum, (~340 keV), VMC++ already simu-
lates dose deposition of photons from the Iridium spectrum 
with good accuracy (Figure 2). 

By approximating dose deposition of photons with ener-
gies lower than 400 keV with KERMA approximation (with 
KCut = 400 keV) one can improve efficiency of VMC++ by 
a factor of up to 160. At energies higher than 400 keV the 
advantages in efficiency of KERMA approximation (with 
KCut = 400 keV) decrease with energy and at 1000 keV 
almost no efficiency improvement is observed. At energies 
lower than 400 keV and KERMA approximation with 
KCut = 400 keV deposited doses agree within statistical 
uncertainty. For energies around 400 keV, the KERMA 
approximation leads to local dose differences of about 4% 
only close to the surface of the phantom (build-up region). 
Thus, from our analysis, a KCut = 400 keV is a preferred 
value for KERMA approximation. 

KCut = 1 MeV can be applied for photons from the Irid-
ium-spectrum (i.e. with average energy of ~340 keV) lead-
ing to an efficiency improvement of about a factor 150 
compared to VMC++ with KCut = 0.010 MeV (i.e. no 
KERMA approximation). In this case VMC++ (with 
KCut = 1 MeV) and EGSnrc agree within 2% (local dose 

differences), except at very shallow depths of the phantom 
where dose differences of about 3% occur. 
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Abstract—Dose uniformity was estimated depending on the 
number of control points in forward-planned intensity-
modulated radiation therapy for breast cancer.  

Data were obtained from four patients who had undergone 
left-sided breast conserving surgery. Five plans for each pa-
tient were designed depending on the size of dose clouds to be 
blocked. To evaluate the effect of the technique on dose uni-
formity maximum dose, conformity index, and percent volume 
of the breast more than 95% of the prescription dose were 
calculated.  

Although there is no clinical difference between segmented 
field-in-field technique and control points field-in-field tech-
nique, dose distribution in a plan did not depend on the only 
number of control points, but also depend on the breast size 
and the shape after the breast surgery. To acquire simple and 
reasonable monitor units for each control point, minimum 3 
MUs are needed. 

Keywords—forward-planned intensity-modulated radiation 
therapy (FIMRT), Control point, Conformity Index (CI), field-
in-field (FiF) technique. 

I. INTRODUCTION 

Forward-planned intensity-modulated radiation therapy 
(FIMRT) has been widely used with early-stage breast can-
cer because of improvement in dose uniformity of the target 
volume without delineating various volume of interest dur-
ing the optimization process as well as reduction of contra-
lateral breast dose in comparison with conventional wedged 
tangential beam technique [1,2]. FIMRT can be categorized 
into two depending on optimization method: One is a seg-
mented field-in-field technique (segmented FIF) where 
beam segment can be manually optimized, and the other is 
control points field-in-field technique (CPs FIF) where 
control points in a beam can be automatically optimized 
with one or two volumes of interest (VOI). Generally CPs 
FIF adding control points to a beam gives more uniform 
dose distribution than a segmented FIF [3]. 

In this study, we estimated the dose uniformity depend-
ing on the number of control points in FIMRT for breast 
cancer. 

II. MATERIALS AND METHODS 

A. Patients 

Data were obtained from four patients who had under-
gone left-sided breast conserving surgery. Computed tomo-
graphic images were acquired using a commercial mul-
tislice helical computed tomography (CT) scanner 
(Brilliance Big Bore CT; Philips Medical System, Nether-
lands).  Each The CT data set for each patient was trans-
ferred to a Pinnacle treatment planning system (Pinnacle3 
ver. 8.0.d; Philips Medical System, Netherlands). Left 
breast was contoured, whose volume was between 267.465 
cm3 and 869.808cm3. 

B. Control Points Field-in-Field Technique 

Five plans for each patient were designed depending on 
the size of dose clouds to be blocked. For each plan, medial 
and lateral open fields were properly established and left-
sided breast was delineated as a clinical target volume 
(CTV). Initially each field has one control point for the 
normalized point to be 100% of the prescription dose, which 
is not important in our study. In the next step, control points 
were added to each field to make the unavoidable hot spots 
removed with open fields. The first plan for each patient 
was constructed by blocking the area greater than 2% in 
dose, 4%, and so on. The second plan for each patient was 
constructed by blocking the area greater than 3% in dose, 
6%, and so on. The third plan was for 4%, the fourth  
was for 5%, and the last plan was for 6% in dose.  During 
the optimization, the left breast was selected as the only 
objective. 

C. Dosimetric Plan Comparison 

To evaluate the effect of the CPs FIF technique on dose 
uniformity, Maximum dose, Conformity index (CI),  Per-
cent volume of the breast receiving more than 95% of the 
prescription dose (V95), and percent volume of the breast 
receiving between 95% and 103%/105% of the prescription 
dose (V95/103 or V95/105) were estimated. 
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III. RESULTS AND DISCUSSION 

A. Patients and Plan Data 

The number of control points was basically in proportion 
with the size blocking the dose clouds, however it was in-
fluenced by the breast size and the restored shape after the 
breast surgery as shown in Table 1. 

Table 1 Patients and Plan Data 

# of control points of  the medial field 
Patient 
No. 

Volume 
(CTV 
cm3) 2 3 4 5 6 

1 267.465 11 7 5 4 4 

2 345.645 12 9 6 6 5 

3 650.340 12 9 7 6 6 

4 869.808 12 9 7 6 6 

B. Dose Distribution and Number of Control Points 

The resultant isodose distribution was shown in Fig. 1, 
where the 1st two figures fall on the patient 1, the next two 
figures on the patient 2, and so on. In the Fig. 1, the left-
sided figures fall on the blocking the area greater than 3% in 
dose, and the right sided figures on the blocking the area 
greater than 6% in dose. The pink line is for 105%, the 
yellow line for 103%, the red line for 100%, and the sky 
line for 95%.  

 
Fig. 1 Isodose Distribution of the CPs FiF technique around the set-up or 
dose normalization point. The pink line is for 105%, the yellow line for 
103%, the red line for 100%, and the sky line for 95%. (a) 3% dose block-
ing for Patient 1 (b) 6% dose blocking for Patient 1 (c) 3% dose blocking 
for Patient 2 (d) 6% dose blocking for Patient 2 (e) 3% dose blocking for 
Patient 3 (f) 6% dose blocking for Patient 3 (g) 3% dose blocking for 
Patient 4 (h) 6% dose blocking for Patient 4 

In the shown slice all the 3% blocking gave more uni-
form dose than 6% blocking. However maximum dose and 
CIs had no connection with the number of control points as 
shown in Fig. 2 and 3. 
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Fig. 2 Normalized Maximum Dose 
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Fig. 3 Conformity Index 

C. Minimum MU Contraints 

As shown in the Fig. 4, the percent volume between 95% 
and 105% of the breast was almost same with the various 
number of control points, but the percent volume between 
95% and 103% of the breast was decreased with the de-
creased number of the control points. Optimization of the 
plan with relatively many control points needs more time to 
calculate and its resultant monitor units (MUs ) can be un-
reasonably obtained because of the very loose constraints of 
one VOI. Moreover, very small MUs can lead some do-
simetric error. To acquire simple and reasonable MUs for 
each control point, minimum 3 MUs  are needed [4]. 

Percent Volume of the breast for Patient 3
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Fig. 4 Percent volume of the breast for Patient 3 

IV. CONCLUSIONS  

Although there is no clinical difference between seg-
mented field-in-field technique and control points field-in-
field technique, dose distribution in a plan did not depend 
on the only number of control points, but also depend on the 
breast size and the shape after the breast surgery. To acquire 
simple and reasonable MUs for each control points, mini-
mum 3 MUs are needed.  
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Purpose. At RSCRR and ITEP a method of combined 
proton-photon radiation therapy of the prostate cancer was 
elaborated.  

Methods. The method is distinguished by the use of a 
special free rectal marker – endostat for X-ray positioning 
of the therapeutic beam, and by the mean regime of the dose 
fractionation at the prostate local irradiation with the proton 
beam 220 MeV: 22.4 Gy for 8 daily fractions in 2.8.Gy, or 
18 Gy for 5 daily fractions in 3.6 Gy. Taking into account 
the photon component (44 - 46 Gy in 22 – 23 fractions for 
the whole volume of small pelvis or for prostate and 
seminal vesicles only) the dose on the prostate was brought 
up to 72 – 74.8.CoGy E (RBE for protons being 1.1 and α/β 
for prostate tumor – 3.0 Gy). 

Results. The clinical effectiveness of the new method 
was estimated in the randomized investigation for 146 
patients with the stages T1-3N0-1M0. In the main group - 
63 patients after combined proton-photon therapy, in the 
control group - 83 patients after the standard 8 - field 
photon irradiation with 44 – 46 Gy doses for the small 
pelvis and 70 Gy for the prostate, 2 Gy daily. The whole 
volume of the small pelvis was irradiated in 79% patients of 
main group and in 84% of control group. The radiation 
therapy was preceded by the 3 – 6 months course of the 
hormone therapy in the maximal androgen blockade regime. 

The treatment program modification – the dose reduction 
or an no planned add break – was needed for 9.5% of the 
patients in the main group and for 24.1% of the patients in 
the control group  (р<0.03). 

The frequency of the 2 stage acute rectitis was 
insignificantly (from 67% to 53 %, p>0.05) decreased in the 
main group, its percent being surely increased 2 times in the 
case of the proton irradiation daily dose up to 3.6 Gy. No 
distinctions in the acute genitourinary change frequency 
were noted. No changes of the 3 and 4 stages were 
recorded. 

The observation median is 32 months. Late genitourinary 
change were recorded for 14.3% of the patients after proton-
photon therapy and for 22.8% in the control group (p=0.09), 
including the 2 stage reaction for 4.7% and 8.4 % (р>0.1) 
correspondingly. Late rectitis, on the whole, and 2 stage 
reaction in particular, was met in the main group:  28.5 % 
and 11.1 % correspondingly, contrary 59.0 % and 37.3 % in 
the control (р<0.03). The 3 stage changes were recognized 
for one patient of the main group and for 4 patients of the 
control group. 

The 2 years actuarial recurrence-free survival was 80.8 % 
after proton-photon therapy and 82.3 % for the control 
group, and the total survival was 100 % and 87.9 %. The 
absence of the local regional progress was registered for 
96.5 % and 92.9. % correspondingly (everywhere p>0.05). 

Conclusions. The developed method of the combined 
proton-photon radiation therapy of the prostate cancer 
allows  to decrease the frequency of both acute and late 
post-irradiation damages preserving the high level of the 
anticancer efficacy. 
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Abstract—Purpose: To develop and evaluate a method to 
convert the greyscale intensity values from CBCT images 
acquired on an Elekta XVI into HU for treatment planning  
dose calculations. 

Material: The method presented in this work is based on 
the automatic detection of the air and soft tissue peaks from 
the greyscale intensity histograms of the acquired CBCT im-
ages. The CIRS model 062 electron density phantom was 
scanned on a Siemens Somatom Sensation Open, and the re-
sulting linear relationship between the electron densities and 
HU was used as reference. For each CBCT image, a linear 
conversion was determined by matching the greyscale intensity 
values detected for the air and soft tissue peaks to the refer-
ence values. The method was evaluated by performing treat-
ment planning dose calculations on an Alderson head phan-
tom, Alderson pelvis phantom and a thorax patient. For the 
Alderson head and pelvis phantoms, one 6 MV, 10x10 cm2 
field, 1 Gy to the isocenter was used. And for the thorax pa-
tient, one 6 MV, 10x20 cm2 field, 1 Gy to the dose maximum 
was used. 

Oncentra MasterPlan was used for dose calculation and the 
DICOM RT dose results were exported to MapCHECK for 
gamma analysis.  

Results: The gamma analysis criteria were set to 3% and 3 
mm and absolute dose was selected for comparison between 
the two DICOM RT dose results. With these criteria the pass 
rate was 93% or better for the isocenter plane and selected 
planes located between ±40 mm from the isocenter. 

Conclusion: Our results show that the presented method for 
automatic conversion of CBCT greyscale images to HU works 
as expected. This makes it possible to use CBCT images ac-
quired on an Elekta XVI for dose calculations, for instance 
after anatomical changes during the course of treatment. 

Keywords—CBCT, dose calculation, gamma analysis, con-
version, greyscale intensity. 

I. INTRODUCTION  

Set-up errors in external beam radiotherapy when posi-
tioning the patient can be as large as several millimeters. 
Many linacs today are equipped with kilovoltage (kV) x-ray 
tubes and a corresponding detector for online monitoring 

and correction for the patient set-up. This is referred to as 
image guided radiation therapy (IGRT). 

The planning target volume (PTV) is the volume of the 
tumor plus a margin of patient movement and set-up errors. 
During the course of treatment the size of the tumor reduces 
at best. To spare healthy tissue one can shrink the PTV. By 
using the cone beam (CB) CT data set acquired during 
IGRT for treatment planning the patient does not have to be 
rescanned on a conventional CT. The problem associated 
with the Elekta XVI is that the CT numbers, called grey-
scale intensity values (GIV), do not demonstrate real 
Hounsfield units (HU) and hence the CBCT data set cannot 
be used directly for dose calculations. A conversion from 
the GIV into HU has to be made first. 

Generation of HU-tables specific for the anatomical re-
gions pelvis, thorax and head has been investigated by Rich-
ter et al [1]. The aim of this work is to find a way to convert 
the GIV into HU that is automatic and independent of ana-
tomical region. 

II. MATERIALS AND METHODS 

Elekta uses a system for IGRT called XVI. XVI is an 
electronic imaging device, intended to improve the informa-
tion available to allow set-up of patient position [2]. The 
XVI equipment consists of a CB kV x-ray source and an 
amorphous silicon/cæsium iodide radiation image detector 
panel. The acquired CBCT images are stored at the work-
station. From the workstation one can create CT data sets of 
different thicknesses and export the images in DICOM 
format. The problem with the CBCT images from  
Elekta XVI is that you cannot use them directly for treat-
ment planning.  

The CIRS model 062 electron density phantom, Fig. 1, 
was scanned on a Siemens Somatom Sensation Open. The 
phantom contains inserts of well defined electron densities. 
A linear relationship was adapted between the electron 
densities of the inserts and the corresponding HU measured 
in the treatment planning system Oncentra MasterPlan 
(OMP). This linear relationship served as reference.  
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Fig. 1 CIRS model 062 electron density phantom used for establishing the 
reference linear relationship between electron densities and HU 

The method presented in this work is based on an auto-
matic detection of the air and soft tissue peaks from the 
greyscale intensity histograms of the acquired CBCT im-
ages, see Fig. 2 and Fig. 3. The program written in MatLab 
identifies the air and soft tissue peaks and their correspond-
ing GIV for each CBCT image. From the GIV of the air and 
soft tissue and their known electron densities a linear rela-
tionship was established. A linear conversion was then 
determined to match the reference linear relationship.  

The results were evaluated by performing treatment 
planning dose calculations on an Alderson head phantom, 
Alderson pelvis phantom and a thorax patient based on both 
the converted CBCT and Siemens CT data sets. OMP was 
used for treatment planning dose calculations. The resulting 
DICOM radiotherapy (RT) [3] dose results from the two CT 
data sets were exported to the MapCHECK software appli-
cation version 3.01.08.00 (Sun Nuclear Corporation) for 
gamma analysis. One 6 MV, 10x10 cm2 field, 1 Gy to the 
isocenter was performed on the Alderson head and pelvis 
cases and one 6 MV, 10x20 cm2 field, 1 Gy to the dose 
maximum was performed on the thorax case. 

 
Fig. 2 A CBCT image from an Alderson head phantom acquired on Elekta 
XVI 

III. RESULTS 

The cases were gamma analyzed and no visual image 
quality was evaluated. The DICOM RT dose results were 
imported into MapCHECK for gamma analysis. The gamma 
analysis criteria were set to 3% and 3 mm and absolute dose 
(AD) was selected for comparison between the DICOM RT 
dose results from the Siemens CT and the converted CBCT 
data sets. Fig. 4 shows the reference and the converted 
DICOM RT dose results on the top two quadrants. The 
bottom left quadrant shows the gamma analysis where the 
red dots are the diods that failed to pass the set criteria. 
Bottom right quadrant shows the profile comparison be-
tween the two CT data sets. 

 
Fig. 3 The corresponding greyscale intensity histogram from Fig. 2. The 
first peak comes from the black area outside the FOV, the second peak 
comes from the air and the third peak comes from the tissue 
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Fig. 4 The MapCHECK gamma analysis software 

The gamma analysis was compared slice by slice and the 
results from selected slices are presented in Table 1. The 
pass rate of the slices is 93% or better. 

Table 1 Gamma analysis result from MapCHECK. Criteria set to 3% and 3 
mm and AD selected 

Plane position (mm) Gamma analysis pass rate (%) 
Cranial Head Thorax Pelvis 
-40 97.7 97.7 98.7 
-25 98.2 97.0 99.0 
-10 98.1 100.0 98.8 
Isocenter 98.1 99.5 98.8 
+10 97.5 100.0 99.7 
+25 98.4 93.9 98.7 
+40 98.4 95.2 98.1 
Caudal    

IV. DISCUSSION 

Today in external beam radiotherapy we have the tech-
nology for IGRT, e.g. by using a kV x-ray tube and the 
corresponding detector for online monitoring. Patient posi-
tioning errors can then be corrected before treatment deliv-
ery. During the course of treatment the size of the tumor 
may reduces and one way to optimize the treatment is by 
calculating new treatment plans with reduced PTV. The 
CBCT images acquired on Elekta XVI, however, cannot be 
used directly for dose calculations. The presented GIV do 
not represent real HU and need to be corrected. This work 
was aimed to find a way to automatically convert the GIV 
to HU from the histograms of the CBCT images independ-
ent on anatomical region. 

V. CONCLUSIONS 

Our results show that the presented method for automatic 
conversion of CBCT greyscale images to HU works well 
for these cases. This makes it possible to use CBCT images 
acquired on an Elekta XVI for treatment planning dose 
calculations, for instance after anatomical changes during 
the course of treatment. 
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Dosimetric Comparison between Helical Tomotherapy and Biologically Based 
IMRT Treatment Planning System for Selected Cases 

N.P. Ploquin, J.G. Bélec, and B.G. Clark 

The Ottawa Hospital Cancer Centre / Department of Medical Physics, Ottawa, Canada 

Abstract—In this work, we have dosimetrically compared 
two treatment planning systems used in our clinic to create 
intensity-modulated radiation therapy (IMRT) plans. A new 
commercial inverse treatment planning system (MonacoTM, 
CMS, Inc, St. Louis, Missouri) allowing Monte-Carlo calcula-
tions, aperture based optimization, and biological cost  
functions was compared to the TomoTherapy Hi-ARTTM (To-
moTherapy, Madison, WI) planning system. Six clinical test 
cases (head and neck, prostate, and breast) were planned and 
compared using DVHs and dosimetric parameters (maximum 
dose, mean dose, conformity and heterogeneity indexes). Both 
treatment planning systems provided adequate deliverable 
plans. Overall, tomotherapy plans provided a better confor-
mality and heterogeneity in most of the clinical cases with 
improved sparing of major organs at risk. The dosimetric 
analysis shows that although the treatment planning systems 
have differences, they are each capable of producing substan-
tially equivalent treatment plans in term of target coverage 
and normal tissue sparing. 

Keywords—IMRT, biological optimization, helical tomo-
therapy, treatment planning, dosimetric comparison. 

I. INTRODUCTION  

Intensity Modulated Radiation Therapy (IMRT) is a rela-
tively recent irradiation technique which has evolved  
rapidly and is currently being offered to patients in an in-
creasing number of centers. The Ottawa Hospital Cancer 
Centre has been treating patients with IMRT using the To-
moTherapy Hi-Art System (TomoTherapy, Madison, WI) 
since 2004 and we are now implementing linac-based 
IMRT.  

With IMRT, the radiation fluence is modulated within 
the field to spare as much healthy tissue as possible in close 
proximity to the tumor. IMRT can enhance the normal tis-
sue sparing characteristics of conformal treatment by ac-
commodating almost any angle of beam entry. However, 
IMRT also implies a high degree of conformality if it is to 
justify the effort involved in terms of improved treatment 
outcome. 

Inverse planning is an efficient planning technique which 
allows the delivery of IMRT. One important step in inverse 
planning is the definition of the prescription dose to the 

target and the tolerance doses to the multiple organs at risk 
(OAR) surrounding the target. An objective function will 
quantify the difference between the actual dose distribution 
and the desired dose distribution. While various forms of 
objective functions are currently used in treatment planning, 
they can be classified into two categories: physical and 
biological objective functions. Physical cost functions are 
common to all current IMRT Treatment Planning Systems 
(TPS). Very few TPS are using biological objective func-
tions and considerable investigations are still required to 
show the advantage of using biological objective function 
over physical functions. Many groups have directed their 
efforts towards treatment optimization based on biological 
parameters [1-3], especially a group from the University of 
Tübingen, Germany whose Hyperion project [1][4-5] is the 
basis of the MonacoTM (CMS, Inc, St. Louis, Missouri) TPS 
discussed in this work. 

Monaco is a new commercial inverse treatment planning 
system. This system uses Monte-Carlo simulation to calcu-
late dose, constrained fluence and aperture optimization, 
and a spectrum of biological (poisson cell kill model, serial 
and parallel complication model) and dose-based cost func-
tions. One important feature of Monaco is the use of a two-
stage process for optimizing dose distribution. In stage one, 
the ideal fluence distribution of IMRT beams is optimized 
to meet user-defined prescription for a single set of beams 
sharing the same isocenter. The second stage optimization is 
the aperture (segment weights and shape) optimization. In 
this stage Pencil Beams or a Monte Carlo (XVMC/VEF) 
algorithm can be chosen to optimize the aperture. 

Using quantitative dosimetry, we have compared treat-
ment plans created with the new Monaco treatment planning 
system and the tomotherapy planning system for two head-
and neck, two prostate and two breast cases. 

II. METHODS AND MATERIALS 

A. Patients 

Two patients for each site (head and neck, prostate and 
breast) were randomly chosen to be included in this study. 
All 6 patients had already completed their treatment on 
tomotherapy. 
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B. Treatment Planning 

For all six patients, the GTV, CTV, PTV, and organs at 
risk were contoured on each axial 3-mm CT slice. Treat-
ment planning was performed using Monaco, version 1.0.2. 
and TomoTherapy Hi-Art System, version 2.0. All the plans 
were optimized such that 95% of the PTV received the 
prescribed dose. After optimization, some small differences 
in PTV coverage were observed, but these were not large 
enough to preclude quantitative dosimetric comparisons. 

Helical tomotherapy: Inverse planning in tomotherapy uses 
physical (DVH and maximum dose) cost functions.  The 
penalty values on target and OARs were selected to meet 
the target objective while keeping OAR constraints to a 
minimum. Three main parameters are used in helical tomo-
therapy: field width (1 cm, 2.5 cm or 5 cm), pitch (ratio 
between couch translation during one complete rotation and 
the field width) and modulation factor (ratio between 
maximum and average beam intensity). The grid resolution 
was 2.34 mm for the head-and-neck cases and 3.9 mm for 
the prostate and breast cases. 

Step-and-Shoot IMRT-Linac: Monaco is based on physical 
and biological cost functions. Details of the cost functions 
have been described elsewhere [5-6]. A 1% variance of the 
XVMC/VEF Monte Carlo algorithm was used during the 
second state (aperture) optimization. The grid resolution 
was 2.5 mm for prostate and head and neck patients and 4 
mm for the breast patients. The Monte-Carlo beam model 
was created for a 6MV beam of an Elekta Synergy linear 
accelerator. 

Prostate: 76Gy was prescribed to the PTV. These two pa-
tients were planned with the intent to reduce the dose to the 
femoral heads. A 6MV energy beam was used with both 
techniques. Seven fields (0○, 60○, 110○, 160○, 200○, 250○, 
300○) was used for the IMRT linac plans. A minimum seg-
ment size set to 4 cm2 with a minimum MU/segment set to 5 
led to an average number of segments per beam of 4 after 
aperture optimization. 

Head and Neck: Both patients were planned according to 
the RTOG 0522 protocol. 70 Gy was prescribed at the 
PTV70 and 56 Gy to PTV56. 6MV energy beam with 7 
equidistant fields (0○, 60○, 110○, 160○, 200○, 250○, 300○) 
was used for the IMRT linac plans. Similar aperture pa-
rameters to the prostate cases led to an average number of 
segments per beam of 10 after optimization. 

Breast: The prescription was 50Gy to the PTV which in-
cluded axillary and supraclavicular lymph nodes. Beam 
arrangements were designed from two tangential fields and 

5 additional fields between the two tangential fields for a 
total of 7 fields. The average number of segments per beam 
was 10. 

C.  Dosimetric Parameters for Plan Comparison 

The plans were compared using dose-volume histograms, 
the generalized form of the equivalent uniform dose, maxi-
mum, mean dose. Conformity index (CI) [7] and homogene-
ity index (HI) were defined as follow. 
 

)(cm moreor on Prescripti Receiving PTV
)(cm Moreor  Doseon Prescripti  theReceiving Tissue Normal1CI 3

3

+=  

Doseon Prescripti
 volume theof 5%by  received DoseHI =  

 
From the definitions above, a lower CI and HI respectively 
indicate a more conformal and homogeneous dose  
distribution.  

III. RESULTS 

Table 1 shows a summary of the dosimetric comparison 
data between TomoTherapy and Monaco planning for the 
two patients per site. 

Figures 1 to 3 show the DVHs of patient 2 for the pros-
tate, breast and head and neck case respectively.  

The DVHs from Figure 1 to 3 and results in table 1 show 
a better conformality and homogeneity of the dose distribu-
tion for the plans created with TomoTherapy than with 
Monaco. To create a deliverable plan with a feasible num-
ber of segments for the prostate and head and neck cases, 
slightly higher dose had to be delivered to the PTV for the 
plans created with Monaco.  
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Fig. 1 Comparison of DVHs for the prostate case (patient 2) 
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Table 1 Summary of dosimetric comparison data for three sites 

   Patient 1 Patient 2 

   Tomo Monaco Tomo Monaco 

Prostate      

PTV EUD (Gy) 76.59 78.03 76.73 79.91 

 CI 1.40 1.07 1.01 1.06 

 HI 1.01 1.02 1.02 1.06 

Rectum EUD (Gy) 54.92 52.82 55.13 48.16 

 Max Dose (Gy) 77.11 76.85 78.38 79.45 

 Mean Dose (Gy) 35.67 38.3 29.12 26.01 

Bladder EUD (Gy) 66.85 68.86 49.81 43.53 

 Max Dose (Gy) 77.47 80.12 77.22 79.69 

 Mean Dose (Gy) 58.68 58.12 16.1 8.63 

      

Head and Neck     

PTV70 EUD (Gy) 71.53 73.31 71.53 74.10 

 CI 1.00 1.00 1.12 1.05 

 HI 1.04 1.10 1.04 1.11 

EUD (Gy) 10.98 25.73 44.17 38.49 Right 
Parotid 

Max Dose (Gy) 14.5 32.9 61.9 59.13 

 Mean Dose (Gy) 10.32 25.00 30.96 25.67 

Cord EUD (Gy) 31.09 26.68 15.6 29.86 

 Max Dose (Gy) 39.81 37.88 22.91 40.63 

 Mean Dose (Gy) 17.23 13.7 9.85 22 

      

Breast     

PTV EUD (Gy) 52.51 51.93 53.03 52.90 

 CI 1.54 1.69 1.44 2.12 

 HI 1.12 1.08 1.12 1.11 

EUD (Gy) 7.46 7.11 5.24 10.92 Ipsilateral 
Lung 

Max Dose (Gy) 23.73 14.08 12.71 23.79 

 Mean Dose (Gy) 5.85 11.26 4.6 10.09 

Heart EUD (Gy) 14.33 1.00 19.41 25.43 

 Max Dose (Gy) 30.99 22.7 33.65 41.23 

 Mean Dose (Gy) 7.49 6.57 10.23 19.31 
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Fig. 2 Comparison of DVHs for the breast case (patient 2) 
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Fig. 3 Comparison of DVHs for the head and neck case (patient 2) 

IV. DISSCUSION 

A large number of research papers [5] [8-10] have been 
devoted to the comparison of treatment plans created for 
various complex treatment techniques such as IMRT. With 
the increase of tomotherapy technology worldwide, the need 
to fully assess the dosimetry of these systems is becoming 
prevalent. Few studies have previously reported the do-
simetric difference in IMRT plans of head and neck using 
linac-based IMRT and helical tomotherapy.  

Sheng et al. [11] compared and quantified the dosimetric 
difference of 10 patients planned with IMRT (linac-based 
IMRT plan or helical tomotherapy IMRT plans) for oro-
pharyngeal carcinoma. In this study, both inverse planning 
systems used physical (dose-based) cost functions during 
the optimization process. They have shown that helical 
tomotherapy provided improved dose homogeneity for the 
target (steeper PTV DVH). This group also showed that 
plans created with helical tomotherapy could reduce the 
dose the OARs. The reduction in EUD was 17.4% and 
27.14% on average for the OAR surrounding the tongue or 
tonsil respectively. 
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Van Vulpen et al. [12] report a similar study for patients 
treated for oropharynx cancer. Their conclusion was similar 
to Sheng et al [11]. Helical tomotherapy IMRT plans were 
able to achieve a sharper dose gradient compared with step-
and-shoot linac based IMRT plans. The parotid NTCP could 
be reduced using helical tomotherapy while keeping the 
same dose homogeneity inside the target. 

Other groups [8-9] have performed similar studies using 
different treatment planning systems for the linac-based 
IMRT planning and reached similar conclusions as Sheng 
[8] and Van Vulpen [11].  

In a recent paper, Muzik et al. [5] compared fixed-beam 
IMRT, helical tomotherapy and Intensity Modulated Proton 
Therapy (IMPT) in the framework of biological EUD-based 
dose optimization. This study was conducted on selected 
case, including an extensive head-and-neck case. The treat-
ment planning used for this study was an in-house planning 
system Hyperion, which is the basis of the Monaco treat-
ment planning system. All techniques delivered results that 
were comparable with respect to target coverage and the 
most dose limiting normal tissue. They concluded that all 
techniques delivered acceptable plans and should be viewed 
as complementary to each other. 

In this study, we compared treatment plans for three dif-
ferent sites. Adequate coverage of the PTV was set in all 
cases. Some differences can be seen on the DVHs for the 
OARs but may not be clinically relevant. For example, a 
lower dose is delivered to the spinal cord (Figure 3), but 
because of its serial behavior, no significant clinical impact 
can be expected on either plan. These differences are re-
flecting the geometry of the contours. Patient 1 had a unilat-
eral tumor on the left side while for patient 2, the tumor was 
centered in the neck region. Monaco could achieve a better 
sparing on the right parotid for patient 2 (unilateral neck 
tumor) but not as good as tomotherapy for the spinal cord. 
The opposite was observed for patient 1. Although tomo-
therapy retains its superiority in terms of planning for these 
three sites, Monaco is able to produce very good plans 
achieving the appropriate goals and meeting the many OAR 
constraints required in IMRT planning.  

Our study agrees with the conclusions from previous 
published work between helical tomotherapy and linac 
based IMRT [5] [9-12], but our study is the first one to 
compare plans created on a biologically based IMRT treat-
ment planning system Monaco with TomoTherapy Hi-Art 
for three different sites.  

The accuracy of the dose calculation also needs to be 
validated. We are planning to assess and benchmark the 
dose calculation provided by Monaco against our own beam 
model using the EGSnrc Monte Carlo code.  

V. CONCLUSION 

We have shown that Monaco treatment planning system 
is a reliable system to produce highly conformal and deliv-
erable plans for IMRT.  Our linac-base IMRT program will 
complement our tomotherapy program to provide IMRT 
treatments in our centre. 
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Abstract—A new diamond detector to perform absorbed-
dose-to-water measurement in radiotherapy photon beams 
with small field sizes is being developed in the framework of 
the EURAMET/EC FP7 project “External Beam Cancer 
Therapy”. An objective of the project is to obtain detectors 
capable of ensuring traceability of absorbed dose measure-
ments in radiotherapy photon beams with field size down to 
1 cm x 1 cm. To this end the CVD diamond detectors up to 
now developed were found not adequate. The present project 
requires detectors with high spatial resolution, good stability 
and low energy dependence. Diamond detectors were chosen 
for their high spatial resolution and good tissue equivalence 
(Z = 6). The detector studied in this work is based on a single 
crystal CVD diamond with dimensions 3 mm x 3 mm x 0.5 mm 
on which 0.2 m electrodes were thermally evaporated. Par-
ticular care was addressed to ensure the tissue-equivalence of 
the detector by using appropriate materials. A thorough analy-
sis of the priming procedure, stability and signal reproducibil-
ity was carried out in a Co-60 gamma beam at dose rates in the 
range from 0.3 Gy min-1 to 1.38 Gy min-1. Moreover the detec-
tor response was studied by Monte Carlo calculations as a 
function both of the beam quality, from Co-60 to 10 MV pho-
ton beams, and field size, from 10 cm x 10 cm to 1 cm x 1 cm. 
The perturbation due to the non-water equivalence of elec-
trodes was also determined by Monte Carlo simulations. 

Keywords— CVD diamond detector, single crystal diamonds,  
radiation detector, radiotherapy dosimetry, 
Monte Carlo simulation. 

I. INTRODUCTION

In recent years the use of photon beams with small field 
sizes has been increasing in radiotherapy due to the rapid 
growth of new modalities of therapy such as intensity 
modulated radiotherapy (IMRT) and stereotactic radiosur-
gery (SRS). However dosimetric methods and procedures 
for absorbed-dose-to-water measurements traceable to the 
primary standards are still not available for these new mo-
dalities. The procedures recommended in the existing inter-
national dosimetry protocols [1, 2] are based on measure-
ments by means of ionization chambers in a reference field 
size of 10 cm x 10 cm. Due to the lack of lateral electronic 
equilibrium the ionizing chambers are not suitable for 

measurements in radiation fields smaller than a few centi-
metres. Moreover the loss of lateral equilibrium of charged 
particles in small fields makes the beam characteristics (i.e. 
energy and angular distributions) different from those in the 
reference field. Therefore parameters and correction factors 
given by the protocols are not applicable for determining 
the absorbed dose to water, Dw, in small fields. The devel-
opment of dosimetric systems adequate for accurate Dw
measurements in photon beams with field size down to 
1 cm x 1 cm is an objective of the European research project 
“External Beam Cancer Therapy” under the Seventh 
Framework Programme. Synthetic diamonds produced by 
chemical vapour deposition (CVD) have been selected as 
detectors potentially suitable for dosimetry in small field 
sizes due to their high spatial resolution and water equiva-
lence. Moreover CVD diamonds can be produced at low 
cost compared with the high quality natural gems. From the 
available literature on CVD polycrystalline diamonds it 
appears that the adequacy of such detectors for radiotherapy 
dosimetry is restricted to relative measurements. Some 
studies have pointed out a poor stability of the detector 
response with respect to the diamond irradiation history. 
The instability of the detector sensitivity is caused by impu-
rities and crystal defects in the polycrystalline diamonds. 
The recent availability of CVD single crystal diamonds, 
ideally without defects, is expected to improve the stability 
of the detector response. 

In this work a prototype detector based on a single crystal 
diamond has been investigated for its capability to perform 
accurate Dw measurements in radiotherapy photon beams. 

II. MATERIALS AND METHODS

A. CVD diamond detector 

A prototype detector was built starting from a single 
crystal CVD diamond produced by Element Six Company. 
A schematic drawing of the detector is reported in Figure 1. 
The diamond plate has dimensions 3.0 mm x 3.0 mm x 
0.5 mm. Silver contacts, 200 nm thick, were thermally 
evaporated on both sides of the diamond. The diamond was 
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fixed in a housing made of Rexolite® and an epoxy filling 
(Epotek 301) was used to minimize air in the space between 
housing and diamond. Both Rexolite® and epoxy were used 
because of their nearly water equivalence and their resis-
tance to ionizing radiation damage. The water equivalence 
minimizes the energy dependence of the detector response. 

Fig. 1 Schematic drawing of the CVD diamond detector. 

B. Measurement conditions

To evaluate the prototype diamond detector pre-
irradiation (or priming) effects, signal reproducibility and 
signal stability were investigated. All the tests were per-
formed in a Co-60 gamma beam with dose rates in the range 
from 0.3 Gy min-1 to 1.38 Gy min-1. The detector was irra-
diated in air with a polystyrene build-up cap. The detector 
was connected to a Keithley 6514 electrometer through a 
low noise cable. The electrometer was operated both in 
integrated charge and current mode. A Keithley 248 high-
voltage power supply was used for biasing the detector. The 
detector response was studied as a function of the applied 
polarizing voltage, V, in the range from 2 V to 100 V for 
determining the optimum operating voltage. 

C. Monte Carlo calculations 

Monte Carlo simulations were used to evaluate the de-
pendence on the energy and field size of the detector re-
sponse in terms of Dw. The energy range from Co-60 
gamma beam (TPR20,10 = 0.578) to 10 MV clinical photon 
beam (TPR20,10 = 0.73) and field sizes from 10 cm x 10 cm 
to 1 cm x 1 cm were considered. The diamond was simu-
lated as carbon with density 3.51 g cm-3. The detector re-
sponse was calculated as the ratio of the absorbed dose in 
the diamond sensitive volume to the absorbed dose in the 
same volume of water. To this end a Monte Carlo code 
based on the EGSnrc system [3] has been developed for 
calculating absorbed dose ratios using the correlated sam-

pling method [4]. This method allows to determine within 
the same simulation both the absorbed dose to water in a 
homogeneous water phantom and the absorbed dose in a 
small detector in a water phantom, so reducing the total 
calculation time. Moreover in determining the ratio of doses 
referring to the different geometries the covariance term is 
taken into account in the uncertainty evaluation. The effi-
ciency of the Monte Carlo calculation increased by a factor 
between 5 and 15 for simulations referring to the diamond 
detector irradiation in a water phantom of 30 cm x 30 cm x 
30 cm with photon beams of 6 MV and 10 MV.

The detector response was calculated at the reference 
depth of 5 cm or 10 cm in water, the two reference depths 
recommended in the IAEA dosimetry protocol [1]. The 
incident photon beam was simulated as a parallel photon 
beam with field size in the range from 10 cm x 10 cm to 
1 cm x 1 cm. The energy distribution at phantom surface 
was taken from the literature [5]. 

The perturbation due to the non-water equivalence of the 
electrode material was also evaluated by Monte Carlo simu-
lation.

III. RESULTS

A. Experimental results 

The detector dark current (i.e. the current in absence of 
ionizing radiation) was measured as a function of the bias 
voltage, V, for positive and negative values of V, in the 
range from 2 V to 300 V. The results, similarly for negative 
and positive voltages, show that the detector resistivity is 
almost constant, and that the absolute value of the dark 
current changes from about 0.2 pA to about 25 pA. In Fig-
ure 2 the dark current and the current obtained at a dose rate 
of about 1.38 Gy min-1 are reported as a function of V. A 
quite constant value of the signal-to-leakage current ratio 
(about 220) was found for values of V from 30 V to 100 V.

1.0E-13

1.0E-12

1.0E-11

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1 10 100
Bias voltage (V)

C
ur

re
nt

 (A
)

current at  1.38 Gy/min
dark current

Fig. 2 Dark current and current obtained with a dose rate of about 
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An absorbed dose value of about 30 Gy was required to 
stabilize the detector signal the first time it was irradiated 
(priming). Afterwards a daily pre-irradiation with a dose 
value of about 5 Gy was needed to obtain short term signal 
reproducibility better than 0.5 %. The daily pre-irradiation 
effect has been found depending on the applied voltage, 
dose rate and previous history of the detector. For the dose 
rates considered in this work and for the bias voltage of 50 
V signal stability within 0.3% is obtained after a daily pre-
irradiation with a dose value in the range from 1.5 Gy to 
5 Gy. As shown in Figure 3 the needed pre-irradiation dose 
is lower if the dose rate decreases. A slow drift of the signal 
was observed in the sequences of measurements when the 
detector was kept unbiased and un-irradiated for several 
days. In this case a pre-irradiation with a dose value be-
tween 10 Gy and 15 Gy was needed. 
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Fig. 3 Percentage difference of the detector current, I, from its final mean 
value, Im, during a pre-irradiation at two different dose rates as a function 

of the delivered dose. The data refer to a polarizing voltage of 50 V. 
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Fig. 4 Percentage difference of the detector current, I, from its final mean 
value, Im, as a function of the irradiation time at two different dose rates. 

The data refer to a polarizing voltage of 50 V. 

In Figure 4 the detector current obtained after a pre-
irradiation with 5 Gy is reported as a function of the irradia-
tion time for two different dose rates. The polarizing voltage 
was 50 V. The signal reaches the 99% of its final value in 
80 s at a dose rate of 0.31 Gy min-1 and in 22 s at a dose rate 
of 1.38 Gy min-1. The corresponding values of the delivered 
dose are 0.4 Gy and 0.5 Gy respectively. Similar results 
were obtained for each subsequent irradiation if the detector 
was kept un-irradiated for no more than 12 hours. Therefore 
the current values obtained soon after starting the detector 
irradiation were not accounted for and this improved the 
measurement accuracy. For the dose rates considered in this 
work the signal acquisition was started typically about 30 s 
after the start of irradiation. With this procedure a signal 
reproducibility of about 0.5% was obtained in a period of 
two weeks keeping the detector continuously biased at 
50 V. 

After irradiation the leakage current requires a long and 
variable time to reach its initial value. However if the irra-
diations are separated each other by a fixed pause the leak-
age current results stable as shown in Figure 5.
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Fig. 5 Detector signal during five subsequent irradiations with a dose 
value of 3 Gy (5 minutes) followed by a pause of 3 minutes. The data refer 

to a polarizing voltage of 50 V and a dose rate of  0.5 Gy min-1.

B. Monte Carlo results 

The diamond response, calculated as the ratio between 
the absorbed dose to diamond, Dd and the absorbed dose to 
water, Dw, in reference conditions (field size 10 cm x 10 cm 
and depth in water 5 cm or 10 cm), varies from 
0.891 ± 0.003 at Co-60 quality (TPR20,10 = 0.578) to 
0.878 ± 0.003 at 10 MV photon beam (TPR20,10 = 0.73).

The diamond detector response calculated as a function 
of the field size is shown in Figure 6. The results show that 
the diamond response can be considered independent of 
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field size from 10 cm x 10 cm to 3 cm x 3 cm, while a cor-
rection factor is needed for measurements in smaller field 
sizes. The perturbation effect due to the non-water equiva-
lence of the 200 nm silver electrodes resulted to be unit 
within the statistical uncertainty of the Monte Carlo calcula-
tion (0.2 %, 1 ).
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Fig. 6 Field size dependence of diamond detector response obtained by 
Monte Carlo calculation in radiotherapy photon beams with TPR20,10  0.67 

(6 MV) and 0.73 (10 MV). The diamond dimensions are 
3 mm x 3 mm x 0.5 mm. 

IV. CONCLUSIONS

A prototype diamond detector was built starting from a 
single crystal CVD diamond produced by Element Six 
Company. The suitability of the diamond detector for ab-
sorbed dose measurements in small field sizes has been 
investigated both experimentally and by Monte Carlo calcu-
lation. Pre-irradiation effects and signal reproducibility 
were experimentally analyzed. The results show that a sig-
nal reproducibility adequate for absolute dosimetry can be 
obtained with the present prototype only if the measurement 
procedure described in this work is strictly applied. The 
energy and field size dependence of the diamond detector 
was studied by Monte Carlo simulation. The diamond re-
sponse in terms of Dw varies of about 1.5% in the energy 
range from TPR20,10 = 0.578 (Co-60 gamma beam) to 
TPR20,10 = 0.73 (10 MV photon beam). The detector re-

sponse as a function of field size was found constant only 
from 10 cm x 10 cm down to 3 cm x 3 cm. On the basis of 
these results the energy and field size dependence of the 
diamond detector response must be accounted for to per-
form accurate dosimetry in radiotherapy photon beams with 
small field sizes. The Monte Carlo method is suitable to 
determine the relevant correction factors. In spite of the 
small sensitive volume of the diamond detector (about 
0.004 cm3) a statistical uncertainty of Monte Carlo calcula-
tions less than 0.2% (1 ) is obtainable by the correlated 
sampling technique in a reasonable computation time. 
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Abstract— Physiological organ movements during radio-
therapy are a limiting factor for the dose applied to the clinical
target volume. In particular the use of highly conformal tech-
niques like TomoTherapy (TomoTherapy Inc.) is considered
controversial if significant motion is supposed to occur during
treatment. A motor-driven motion phantom with a movable
wagon was used in this work to simulate organ motion in ante-
rior-posterior and cranio-caudal direction.

Therefore we analyzed different tumor entities in our study.
Treatment plans were created from 2.0 to 4.0 Gy dose per
fraction for different tumor sites. Especially, Planning target
volumes (PTV) close to organs at risk (OARs) were planned to
measure the motion-induced shift of the dose gradient. This is
important to assess the quality of verification in the static state
of the phantom. Motion patterns with the same characteristics
as those of 4D-CT patient data were simulated. Moreover,
some methods of dose statistics were used to analyze the clini-
cal suitability of a treatment plan.

A major effect of motion on the dose distribution is dose
blurring. Due to dose blurring the dose gradient decreases.
Moreover, dose differences in the region of large parallel to
motion direction situated dose gradients (mainly underdosages
>10 %) were observed.

The number of underdosages increased with the motion
speed. Especially in the high-dose areas with characteristic
ripples, dose differences with an underdosage of about >10 %
(increasing with motion speed) were observed.

Keywords— Moving phantom, TomoTherapy, Physiological
Organ Movements, Dose Shifts.

I. INTRODUCTION

An actual issue in ongoing radiotherapy research is the
impact on the dose distribution if significant motion (i.e.
intrafractional organ movements) occurs during treatment
with TomoTherapy [1]. It is important to mind the exposure
of the normal tissue while contouring the oncologic vo-
lumes (i.e. the GTV, CTV and PTV) and prescribing the
dose for patients where organ motion is supposed to occur.
At our hospital, physiological intrafractional organ move-
ments during treatment with TomoTherapy are only consi-
dered by a larger safety margin at the moment. Due to the
larger PTV the need to mind the exposure of normal tissue

increases: It is possible that a dose reduction within the
CTV is needed to prevent the normal tissue within the PTV
from negative radiotherapeutic effects (i.e. radio necrosis).

This is a major reason why it is important to simulate in-
trafractional organ movements with motion phantoms in
order to evaluate possible dose shifts and resulting effects
on the dose distribution (i.e. under- and overdosages). Mo-
tion phantom studies for different tumor sites may help to
quantify these effects and allow the physician to consider
the possible impact on the dose distribution within the plan-
ning process.

In this article we present a motion phantom study with
TomoTherapy and basic synchronization between gantry
and phantom movement for model and lung tumors.

II. MATERIALS AND METHODS

A. Materials

A motor-driven motion phantom [2] with a movable wagon
(Fig. 1) allows to simulate a coupled motion in anterior-
posterior (AP) and cranio-caudal (CC) direction. Different
motion could be simulated by different eccentric discs based
on observed 4D-CT data by patients with lung tumors.

Fig. 1 The motion phantom on the table of the TomoTherapy machine.

O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/I, pp. 1020–1023, 2009. 
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It is driven by an electric motor with an adjustable speed to 
simulate different breathing periods.  

To ensure synchronization between a fixed point within 
the TomoTherapy treatment plan and the motion phantom 
we used the beam on signal  of the TomoTherapy machine 
and the designed circuit given in Fig. 2. Thus, repeatable 
measurements with the same starting phase between phan-
tom and treatment plan can be performed, i.e. to start the 
motion of the phantom with a prepared respiration phase (0 
to 360°) while the treatment plan has a defined starting 
point. This allows us to analyze synchronization effects like 
the influence of the starting phase between phantom and 
treatment plan starting point. 

The circuit diagram in Fig. 2 shows the design of the 
synchronization of the motion phantom with the treatment 
plan: 

When starting the treatment process at the TomoTherapy 
operator console, the beam on signal  (Q1) will appear 
shortly before the beam shutter is opened. This signal is 
usually used to switch on the beam-on warning lights  and 
is going to switch on the main contactor (Q2) of the phan-
tom electric motor (M1) here in the circuit. The treatment 
plan finishes, the beam on signal  turns off and the main 
contactor switches off - the phantom motor stops moving. 
Thus, our implementation represents a straight-forward way 
to realize a basic synchronization.  

 
 

Fig. 2 Circuit diagram of the synchronization phantom/treatment plan. 

 
Water-equivalent RW3 plates were stacked on the wagon 

of the motion phantom. GafChromic EBT films were em-
bedded between these plates so the dose can be evaluated in 
different coplanar slices (Fig. 3). As a consequence we were 
able to evaluate the dose in five slices at the same time 
during radiation with TomoTherapy.   

Plans were created from 2.0 to 4.0 Gy dose per fraction 
for different sites (lung and spine tumors). We especially 
planned PTVs close to OARs to measure the motion-

induced shift of the dose gradient (e.g. for tumors very close 
to OARs). 

 
 

Fig. 3 The stack of RW3-Plates intermitted by GafChromic EBT films. 

 
B. Methods 

Dose distributions were measured using the phantom in a 
static state. Then dose distributions were measured with the 
moving phantom using synchronized and not synchronized 
measurements. We simulated different motion patterns as 
observed by means of 4D-CT patient data and varied para-
meters like the frequency (0.03 to 1 Hz), pitch and modula-
tion factor for TomoTherapy treatment plans.

The automatic synchronization between gantry and phan-
tom movement was used to evaluate the occurrence of dose 
shifts for different initial phases of the simulated breathing 
patterns. 

GafChromic EBT films were first scanned using a flatbed 
scanner with a transmitted light unit [3]. From the scanned 
image a matrix of scanner values was extracted and com-
pared with a calibration curve (taken from a calibration of 
the films with a LINAC and ionization chamber) to recalcu-
late the matrix of scanner values into a dose matrix. In-
house routines written in MATLAB assist the whole quality 
assurance process and the handling of the films. The last 
step is the comparison of the dose matrix of the scanned 
film with the plan from the TomoTherapy treatment unit. 
Subtractions allow to identify regions of under- or overdo-
sages.  
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III. RESULTS

Fig. 4 shows the measurement of a model tumor without
and with motion for one measurement with a motion fre-
quency of 0.6 Hz and an anterior-posterior motion of
5.9 mm and a cranio-caudal motion of 6.7 mm. The high-
dose area became less homogenous. In the difference pic-
ture only underdosages up to 10 % for the PTV were ob-
served. Even a significant dose blurring was observed.

Fig. 4 The measurement for a model tumor in the papersheet plane.
Without motion and with 0.6 Hz motion and the difference diagram.

Motion direction (CC) is left-right and orthogonal to paper (AP).

We used a field width of 2.5 cm, a pitch of 0.3 and a
planning modulation factor of 2.0 for the model case. The

underdosages mainly come up near the ripples [4] in the
dose distribution.

In addition, Fig. 5 shows a real patient case (lung tumor)
simulated with our motion phantom for one treatment frac-
tion with TomoTherapy (2.5 cm field width, pitch 0.25 and
planning modulation factor 2.0).

Fig. 5 The measurement for a real patient case (lung tumor) in the paper-
sheet plane. In addition to our model cases this tumor allows also a quanti-

fication of the behavior of the dose gradients (along the white and black
arrow). Motion direction is left-right (CC) and orthogonal to paper (AP).

Gy

Gy

Gy

Gy

Gy

0.6 Hz motion

Dose difference

TomoTherapy treatment plan image

0.5 Hz motion

Static

Static
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The parallel to motion direction situated dose gradient 
(black arrow in Fig. 5, 80/40 % isodose gradient evaluated) 
became less steep: 1.5 cm (static) to (1.7 ± 0.14) cm (0.5 Hz 
motion) corresponding +23% width and 1.5 cm (static) to 
(1.63 ± 0.06) cm (0.17 Hz motion) corresponding +13% 
width.  

The inclinated (45 degrees) dose gradient (white arrow in 
Fig. 5, 80/40 % isodose gradient evaluated) became also 
less steep: 1.9 cm (static) to (2.63 ± 0.06) cm (0.5 Hz mo-
tion) corresponding +42% width and 1.9 cm (static) to  
(2.23 ± 0.06) cm (0.17 Hz motion) corresponding +21% 
width. Orthogonal to motion direction situated gradients 
seems to be not affected by our coupled motion pattern (AP 
and CC). 

The maximum PTV dose deviations were -4%/+10%  
(0.5 Hz motion) and -5%/+6% (0.17 Hz motion). 

IV. CONCLUSIONS  

We showed that dose blurring is only one aspect of mo-
tion-induced effects on dose distributions. Due to dose blur-
ring dose gradient situated parallel to the motion decreases. 
The orthogonal to motion direction situated gradient seems 
to be not affected by motion. Moreover, dose differences in 
the region of large parallel to motion direction situated dose 
gradients (mainly cold spots; underdosage >10 %) were 
observed. The number of underdosages increased with the 
motion speed. Especially in the high-dose areas, dose dif-
ferences with an underdosage of about >10 % (increasing 

with motion speed) were observed in this study. This could 
have a severe impact on the TCP.  

There seems to be a need to consider physiological 
movements by gating or tracking techniques. Especially for 
TomoTherapy there might be big advantages for the helical 
treatment with tracking technologies.
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Abstract—A generalized biological effective dose (gBED) 
model was developed. The model accounts for non-uniform 
dose distribution and varying dose fractionation schemes 
commonly encountered in spine stereotactic body radiother-
apy. The gBED calculation was applied to a multi-institutional 
clinical data to model myelopathy and spinal cord tolerance. 
Despite recent animal data suggesting partial volume toler-
ance, our study found that the dose at which myleopathy is 
observed correlated with the dose received in a small volume 
such as 0.1 cc.  Our results justify the practice of constraining 
the dose to the small absolute volume for safe treatment to the 
spinal cord given modern intensity modulated radiotherapy. 
By accounting for dose inhomogeneity, the gBED was also 
found to be more sensitive than the traditional BED in predict-
ing spinal cord tolerance. 

Keywords—Biological Modeling, Stereotactic Body Radio-
therapy, Myelopathy. 

I. INTRODUCTION  

The original BED model has been reported for evaluating 
spinal cord tolerance for hypofractionated spine body radia-
tion therapy (SBRT) [1].  One of the key concerns in using 
the traditional BED model is that it does not take into ac-
count dose inhomogeneity and different dose fractionation 
schemes within a volume of interest. This point is of par-
ticular relevance to inhomogeneous dose distributions asso-
ciated with intensity modulated SBRT. For example, with 
spine SBRT large variations in dose hot spots inside the 
target and normal structures have been reported, and have 
not been sufficiently modelled. 

To account for partial volume effects, Niemerko has in-
troduced an effective uniform dose (EUD) for a tumor [2] 
via the use of an empirical parameter of the survival fraction 
following 2 Gy (SF2).  For normal structures, the issue is 
more complicated, as the general formula depends on the 
tissue type of either being parallel or serial in nature.   

To account for different fractionation effects and partial 
volume effects inherent to stereotactic radiotherapy dose 
distribituions, Jones et al. developed the EUBED formula 
[3], where EUD was merged with traditional BED. The 
formula is a hybrid approach that involves assumptions in 

traditional α/β as well as the empirical parameter of n, 
whose independence with α/β was implicitly assumed.   

In this study, we derived a generalized BED (gBED) 
formula based on the original BED formalism without in-
troducing additional parameters.  The formula is general in 
the sense that it accounts for both tumor and normal tissue 
regardless of a serial or parallel tissue response.  To test the 
usefulness of the formula, we applied the calculations to 
model the dose resulting in radiation myelopathy to those 
doses considered safe to hypofractionated SBRT.  The 
model was used to determine (1) whether dose inhomogene-
ity significantly affects the spinal cord tolerance (2) whether 
the spinal cord responded in serial or parallel nature to the 
hypofractionated delivery.  The second question is particu-
larly interesting as recent animal studies have suggested 
more complex spinal cord response to radiation fractiona-
tion and partial volume effects.    

II. MATERIALS AND METHODS 

The gBED was derived as follows:  For parallel struc-
tures responding to non-uniform dose distributions, the 
survival probability of a whole volume (S) is mainly gov-
erned by additive survival probability of its sub-volume unit 
(such as tumor or normal structure with partial volume 
effects), then we have:  

)( i
i

i DSvS ∑=     (1) 

where vi is ith fractional volume receiving a uniform dose of 
Di, i.e., (vi, Di) forms the ith bin of the differential dose vol-
ume histogram for the volume of interest.   

For serial structures responding to non-uniform dose dis-
tributions, the survival chance of the organ is mainly gov-
erned by multiplicative probability of preventing its sub-
volume units from being destroyed.  In such cases, we have: 

   ∏ −−=
i

i
iDSS ν))(1(1   (2) 

However, if Si is small such as at the high dose levels of Di 
as in the case of hypofractionation, then Equation (2) can be 
approximated as follows: 
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Here we used S(Di) < < 1  or viS(Di) < < 1 (note vi≤ 1).   
Evidently, Equation (3) is rendered into the same expression 
as Equation (1) in the setting of SBRT.   

Using the linear-quadratic model, 
2DDeS βα −−= .  If we 

define a gBED as the dose of producing equivalent biologi-
cal effect regardless dose uniformity or fractionations, then 
we have gBEDeS α−= .  Substituting this definition into 
Equation (1) or (3), we have 
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where nf is the number of fractions.  Assuming α/β is a 
constant for the entire volume, Equation (4) can be analyti-
cally solved by taking the derivative with respect to α on 
both side of Equation. Therefore, we have: 

 
ii

i
i vBEDwgBED ∑=     (5) 

where ∑=
i

iii DSDSw )(/)(  and BEDi is the traditional bio-

logical effective dose given as BEDi= nf Di [1+Di /(α/β)]. 
Note that the gBED=BED for a point dose as this volume is 
unappreciable and inhomogeneity cannot be accounted for. 

To examine the partial volume effect, we calculate BED 
and gBED for the spinal cord at different volumes of inter-
est that included the point maximum, 0.1 cc, 1 cc, 2 cc, and 
5 cc.  We compare these data for a cohort of patients with 
radiation myelopathy post-SBRT to those without radiation 
myelopathy post-SBRT based on a multi-institutional dose-
volume histogram dataset. Note that in the case of uniform 
dose irradiation, then gBED is reduced to the volume-
weighted BEDi or Integral BED (IBED) as defined by some 
investigators [4], i.e.,  

ii
i

vBEDIBED ∑=                               (6) 

In this study, we chose α values of 0.2/Gy, and α/β of 2 
Gy for calculating BED as well as gBED for the spinal cord 
[5-6].  Analysis of variance (ANOVA) for repeated meas-
ures (dose at the max point, 0.1 cc , 1 cc, 2 cc, and 5 cc 

volumes), was used for analysis for each set (i.e. for the 
BED and gBED as a group and individual mean values for 
specified volumes for the myelopathy vs. the non-
myelopathy data). 

III. RESULTS 

 
Fig. 1 A Box-whisker Plot Comparing the ngBED for Specified Volumes 
(max, 0.1cc, 1 cc, 2cc & 5 cc) for the Myelopathy (n=4) and Non-
myelopathy (n=19) Cohorts of patients 

Figure 1 illustrates a plot of the normalized gBED 
(ngBED=gBED normalized to uniform 2 Gy per fraction 
delivery) for the respective volumes specified for the mye-
lopathy and non-myelopathy cohorts. The data indicate the 
median and mean values, with quartiles, and 5% and 95% 
whiskers. At both the 0.1 cc volume and maximum point 
volume, a significant difference in the dose regarded as safe 
and unsafe was observed with p=0.04 and p=0.01, respec-
tively.  At the 1 cc, 2 cc, and 5 cc volume comparison, no 
correlation was found p>0.05.  In addition, no statistical 
significance was found when comparing the IBED for the 
two groups (p>0.05). When comparing the nBED calculated 
for each volume, statistical significance was only found at 
the max dose volume and not the 0.1 cc level (data not 
shown).   

IV. DISCUSSION 

The key advantage of the gBED over other models, such 
as EUBED, designed to account for inhomogeneous dose 
distributions lies in its direct extension of the traditional 
BED model.  For example, consider using the conventional 
BED formula and for 1cc the BED=50 Gy. This number 
simply implies that the functional units within the 1cc of 
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spinal cord received a biological effective dose of 50 Gy or 
higher, i.e., some may have received 50 Gy, some may have 
received 60 Gy, some may have received 100 Gy…etc.  In 
contrast, for the gBED of 1 cc=50 Gy, this unambiguously 
means that all functional units within 1 cc of spinal cord 
have received a biological effective dose of 50 Gy.  Evi-
dently, gBED=BED for uniform dose distributions, how-
ever, for non-uniform irradiation gBED is expected to better 
correlate with the clinical data by a more accurate calcula-
tion of the BED for a given sub-volume.  

The results of this study support the gBED as a more 
sensitive tool to determine dose for a specified volume 
given an inhomogeneous dose distribution, as we found 
statistical significance separating the two groups at both the 
point maximum and 0.1 cc volume, as opposed to only the 
point maximum for the nBED model.  

Given that the separation of the two groups was observed 
at the dose to small volumes of spinal cord, as opposed to 
no significant difference at the larger 1 cc, 2 cc, and 5 cc 
volumes, we also postulate that the spinal cord is in fact an 
organ in series. Furthermore, we recommend treatment 
planning to restrict dose to a point and 0.1 cc volume, as 
opposed to larger volumes. 

V. CONCLUSIONS  

In summary, our study found that respecting spinal cord 
tolerance at small volumes of a point and 0.1 cc should be 
practiced in order to minimize the risk of overdosing the 
spinal cord and increasing the risk of radiation induced 
myelopathy. By accounting for the effect of dose inho-
mogeneity, the gBED was more sensitive than the tradi-
tional BED in predicting spinal cord tolerance. 
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Abstract—Neutron activation of non-radioactive Sm-152 to 
Sm-153 offers a valuable method of radiolabeling for the in
vivo study of the behavior of oral dosage formulations. In 
particular this methodology allows the manufacture of a 
pharmaceutical formulation without the need for radioactive 
laboratory facilities. During manufacturing a small amount of 
Sm-152 is added to the formulation. This is then irradiated 
with neutrons to produce the Sm-153 that can be used for in
vivo imaging of formulation transit and release using a stan-
dard gamma camera. Prior to clinical investigation it is essen-
tial to validate the manufacturing procedure to ensure that the 
activated material is within accepted limits. In particular the 
amount of radioactivity administered should be within a speci-
fied tolerance level. This will be required as part of the condi-
tion of ethical approval for human study. The final activity 
produced and hence the radiation effective dose to patients or 
healthy subjects is dependent on a number of factors including 
the amount of incorporated Sm2O3 (mg), the reactor neutron 
flux (cm-2s-1) and the irradiation period (s). We have investi-
gated the reproducibility of the activated activity as part of the 
validation process for in vivo clinical studies. 96 placebo tablets 
each containing 10 mg of Sm2O3 were irradiated using a ther-
mal neutron flux of 5 x 1012 cm-2s-1 for 70 s to achieve the ra-
dioactivity of 1 MBq at the time of administration. This corre-
sponded to 0.8 mSv effective dose per administration. The 
tablets were assayed prior to the administration to the volun-
teer subjects using the radionuclide assay calibrator. The 
range of activities obtained prior to dosing was 0.82 - 0.95 
MBq (mean ± SD: 0.887 ± 0.026). This was considered accept-
able since it was below the 1 MBq Dose Reference Level and 
within the permitted radiation dose granted by the ethical 
study review. This study demonstrates the factors affecting the 
activity produced by neutron activation of oral formulations 
containing Sm-152 and the data confirm the reproducibility of 
the activity produced over an extended period of 10 weeks. 

Keywords— neutron activation, Sm-153, oral dose formulation, 
in vivo human study, gamma scintigraphy 

I. INTRODUCTION  

A. In vivo scintigraphic imaging

Gamma scintigraphy was first applied to the in vivo drug 
delivery study in 1970s and has been used increasingly 
since that time. The use of radioactive tracers to monitor the 
biodistribution, transit and pharmacokinetics of drug formu-
lations is an extremely powerful and attractive concept, 
especially as the use of the gamma camera enables a graphic 
representation of the distribution and deposition of labeled 
pharmaceutical compounds [1].  

Wilding et. al. [2] reviewed a number of different tech-
niques available for the assessment of oral dosage form 
performance, including endoscopy, radiotelemetry, radiol-
ogy (x-ray), epigastric impedance, ultrasonography and 
gamma scintigraphy. They concluded that gamma scintigra-
phy was the most appropriate method to provide informa-
tion about the in vivo performance of sophisticated oral 
dosage forms within the GI tract under normal physiological 
conditions. The quantity of radioactive material needed to 
be incorporated into a formulation is very small (a few mg) 
and does not compromise the performance characteristics of 
the delivery system.  

The most commonly used radioactive tracers in pharma-
coscintigraphy are Tc-99m and In-111. These radioisotopes, 
however, have some disadvantages especially if modified-
release oral formulations are being studied [3]. Tc-99m and 
In-111 are both radioactive and thus special precautions 
should be taken during the handling process. These radioac-
tive materials cannot be used during the normal manufactur-
ing procedures carried out in pharmaceutical manufacturing 
premises. An additional limitation for Tc-99m is the short 
physical half-life (6 h) in relation to the time needed to 
study many prolonged-release formulations such as in drug 
delivery to the colon. In 1985, Parr et. al. [4] successfully 
developed a new method by using neutron activation of the 
dosage form that contains a non-radioactive tracer. This 
method avoids the need to handle radioactive material dur-
ing lengthy or complex formulation procedures and allows 
the normal production conditions [2]. Sm-152 was intro-
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duced and soon became a valuable neutron-activated radio-
tracer for the in vivo scintigraphy study of oral dosage for-
mulation. 

B. Samarium-153 

Neutron activation was first introduced to human studies 
of pharmacoscintigraphy when Parr et. al. [5] investigated 
the behavior of Er-171 labeled sustained release tablets 
containing 800 mg ibuprofen in the GI system. The major 
limitation from the study was the high cost of the enriched 
Er-171. Subsequently Sm-153 has been used as a more 
suitable tracer. The natural abundance of Sm-152 is 26.7%. 
This produces Sm-153, a gamma emitter with a half life of 
46.7 h and peak energy of 103 keV, after irradiated with a 
neutron flux of 1012 cm-2s-1 for about 1 to 2 min. The 
physiochemical properties of Sm-153 are summarized in 
Table 1. 

Table 1 Physiochemical properties of Sm-153 

Atomic number 62  
Density 7.52 g.cm-3

Stable nuclide Sm-152 
Natural abundance 26.7% 
Neutron capture cross-
section

210 barn 
(1 barn = 1028 m2)

Activated radionuclide Sm-153 
Decay mode Beta ( -)
Gamma energies 0.070 MeV – 5 per 1000 disintegration 

0.097 MeV – 1 per 1000 disintegration 
0.103 MeV – 28 per 1000 disintegration 

Half life 46.7 h 
Gamma constant 1.24 x 10-5 mSv.MBq-1.h-1 at 1 m 
Solubility in water 0.000054 g per 100 ml water 
Daughter nuclide Eu-153 (stable) 

In scintigraphic imaging, the choice of neutron activated 
radioactive tracers is based on the following criteria [1]: 

The cross-section for neutron capture must be large 
enough.
The activated nuclide must have suitable characteristics 
for imaging (eg. a gamma energy between 100 to 400 
keV). 
Neutron irradiation must not produce significant 
amounts of alpha or beta emitting nuclides. 
The irradiation process must not result in a significant 
change in the physical and chemical properties of the 
materials.

The effects of introducing a lanthanide oxide in a tablet 
formulation had been studied by Parr and Jay [6]. It was 

found that sufficiently small amount of samarium oxide did 
not alter the drug release properties significantly. In 2000, 
Ahrabi et. al. [7] concluded that it was possible to incorpo-
rate a reproducible amount of samarium oxide in the coating 
layer of the tablets and it did not affect the dissolution prop-
erties of the tablets. Furthermore, samarium oxide is poorly 
soluble in water and chemically stable, therefore, samarium 
oxide is not absorbed in the GI tract. This provides a posi-
tive effect on radiation safety. 

In general, Sm-152 was found to fulfill all the required 
criteria and has become the most suitable neutron activated 
radiotracer for in vivo oral dosage formulation study.    

C.  Neutron activation and nuclear reactor  

For production of Sm-153 from Sm-152 via neutron cap-
ture, a thermal reactor is required to produce the thermal 
neutron flux in the range of 1 to 5 x 1012 cm-2s-1. The neu-
trons relevant in the activation process can be divided into 
thermal (0 to 0.55 eV), epithermal (0.55 to 1 keV) and fast 
(> 1 keV) neutrons, based on their kinetic energy. There are 
several sources of neutron activation, including nuclear 
reactors, accelerators and radioisotopic neutron emitters. A 
nuclear reactor is preferable due to the high neutron flux 
from uranium fission. Epithermal neutrons can be used to 
activate the nuclides, but are more likely to produce un-
wanted physical or chemical changes on the samples. The 
thermal neutron flux consists of low energy neutrons in 
thermal equilibrium with atoms in the moderator. At room 
temperature, the energy spectrum of thermal neutrons is 
described by a Maxwell-Boltzmann distribution, typically 
with a mean energy of 0.025 eV and velocity of 2200 ms-1.
The thermal neutron flux should be high enough to allow 
activation of the small amount of tracer in a realistic time 
scale, but not as high as fast neutrons since these could 
damage the pharmaceutical formulation [8]. The irradiation 
chamber should be remained at low temperature throughout 
the irradiation process to avoid alterations of the physico-
chemical properties of the sample. 

D. Safety limits to be considered for human volunteer 
studies

The International Commission on Radiological Protec-
tion has developed and applied the ALARA principle as 
part of the guidelines that balance the benefits of radiation 
exposures against possible risks. This principle states that 
human exposures to radiation should be as low as reasona-
bly achievable, with economic and social considerations 
taken into account. As a general rule, people under the age 
of 18 should not be included in a clinical research study and 
the effective radiation doses to healthy normal subjects 
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should be kept as low as possible. The number of study 
subjects should also be kept low while still obtaining the 
desired information from the study.

The radiation effective dose for 1 MBq of Sm-153 in a 
human subject is 0.8 mSv [1, 8, 9]. To put into context, the 
annual radiation exposure to everyone in the UK from natu-
ral background radiation is approximately 2.5 mSv. The 
dose limit set by ICRP for a member of public is 1 mSv per 
year, excluding the natural background radiation and medi-
cal exposures.   

E.  Radiation authorities and the ethics committee   

Prior to initiation of a clinical trial, approval from an in-
dependent ethics committee is necessary. The committee 
reviews the likely health benefits of the intended study and 
makes its decision based on the radiation protection guide-
lines. The human administration of radioisotopes in UK is 
regulated by the Department of Health under the direction 
of the Administration of Radioactive Substances Advisory 
Committee (ARSAC). ARSAC is a consultancy body which 
was set up to advise the Department of Health on matters 
relating to the granting of certificates to practice nuclear 
medicine in the UK, and other related scientific and radio-
logical safety issues [10]. The Medicines (Administration of 
Radioactive Substances) Regulations 1978 prohibit the 
administration to human beings of radioactive products 
except by, or under the supervision of a doctor or dentist 
holding an ARSAC certificate. The regulations apply 
throughout the UK to the use of unsealed radioactive 
sources in nuclear medicine, for diagnosis, therapy or re-
search.

II. OBJECTIVE OF STUDY 

The overall aim of the study was to investigate the repro-
ducibility of activated Sm-153 radioactivity following neu-
tron activation of tablets containing 10 mg of Sm-152. This 
was carried out as part of the validation process for in vivo
imaging studies in healthy human volunteers. 

III. MATERIALS AND METHODS 

A. Oral Dosage Formulation 

The formulations studied in this project were delayed re-
lease tablets for oral administration. For each tablet, ap-
proximately 10 mg of natural abundance samarium oxide 
(Sm2O3) was incorporated into the formulation during the 

manufacturing. These were placebo tablets to be used for in 
vivo healthy volunteers study. 

B. Neutron irradiation 

The tablets were irradiated at the Delft Reactor Institute, 
Netherlands. The reactor was an open pool-type research 
reactor, which utilizes MTR-fuel assemblies and low-
enriched U-235 (< 20%) as fuel. The thermal neutron flux 
of 5 x 1012 cm-2s-1 was used in this study. The temperature 
in the irradiation chamber was remained below 40oC. Be-
fore each irradiation, six tablets were packed into a polyeth-
ylene ampoule and then transferred to the reactor core by a 
pneumatic transport system.  The samples were then irradi-
ated for 70 s to achieve the radioactivity of 1 MBq prior to 
administration to the human subject. This corresponded to 
approximately 0.8 mSv effective dose per administration.    

C.  Dose calibration 

 The tablets were assayed prior to administration to the 
human subjects. The acceptance limit for a single admini-
stration was less than 1 MBq. The results of the calibrator 
assay for each individual tablet were recorded in a spread 
sheet, including the date and time of assay, tablet ID and 
activity in MBq. The mean activity of all the tablets was 
then calculated.

IV. RESULTS  

12 tablets were irradiated on 8 separate occasions over a 
period of 10 weeks. This produced a total of 96 activated 
tablets. Irradiations were performed at 59.0 ± 0.3 h prior to 
the volunteer study. The mean activity was calculated and 
compared to the Dose Reference Level (1 MBq). The activ-
ity ranged from 0.82 - 0.95 MBq (mean ± SD: 0.89 ± 0.03) 
was obtained after 59.0 ± 0.3 h of irradiation.  

V. DISUCUSSION 

One of the problems with neutron activation is the activa-
tion of radioactivity from trace elements such as Na-24 and 
K-42 within the formulation. Gamma spectroscopy can be 
used to verify the radiochemical purity of the activated 
samples. Previous authors [3, 10] had used the acceptance 
limits for the activity such that any peak area not originating 
from Sm-153 should not be greater than 0.3% of the Sm-
153 main peak area at 103 keV, and that the total for the net 
peak areas not originating from Sm-153 should not be 
greater than 1% of the Sm-153 main peak area at 103 keV. 
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In the present study, the tablets were administrated to the 
volunteer subjects at least 48 h after neutron activation. This 
time period allows the decay of the unwanted radioactive 
material in the formulation. 

With respect to nuclear medicine volunteer studies, the 
ethics committee always addresses two specific questions. 
The first considers the overall merit of the research project 
to ensure that the study design is appropriate and the scien-
tific objectives are deemed worthwhile. The second ques-
tion is to ensure the volunteer’s radiation exposure is mini-
mized, which would obviously require input from 
appropriately qualified professionals [11]. A normal toler-
ance level of ±10% would be taken as a practical working 
limit.  In our study the administered activity was of the 
order of 5 to 18% below the specified DRL (1 MBq). This 
would confirm that the authorized dose levels were not 
exceeded. 

VI. CONCLUSION 

This study demonstrates the complex factors to be con-
sidered in the manufacturing and activation of oral dosage 
formulation containing Sm-152 and confirms the variation 
and range of radioactivity from an irradiation over a period 
of 10 weeks. When undertaking such studies in healthy 
human subjects, it is important to ensure that the allowable 
administered activity is not exceeded. 
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Abstract—Sequential Optimization, which features a script-
able optimization process, is the latest inverse planning tool 
available for robotic radiosurgery. The purpose of this study 
was to create and evaluate Sequential Optimization scripts to 
facilitate the treatment planning for clinical studies for ra-
diosurgery treatment of prostate and lung cancer. Four sample 
scripts were designed to generate treatment plans according to 
the clinical objectives defined in current prostate and lung 
cancer protocols. The scripts were evaluated using a group of 
10 prostate cancer cases and 10 lung cancer cases with tumors 
of various sizes and shapes. The scripts generated treatment 
plans with dose distributions within minor variations defined 
by the protocols for most cases and provided good starting 
points for the challenging cases. 

Keywords—Sequential optimization, CyberKnife System, 
robotic radiosurgery, lung, prostate. 

I. INTRODUCTION  

Sequential Optimization is the latest inverse planning al-
gorithm available for treatment planning for the Cyber-
Knife® Robotic Radiosurgery System (Accuray Incorpo-
rated, Sunnyvale, CA, USA). The formulation of planning 
objectives in Sequential Optimization [1] differs from more 
conventional optimization approaches where multiple ob-
jectives are grouped in a single cost function of weighted 
terms and optimized simultaneously. The algorithm is exe-
cuted sequentially as a series of individual optimization 
steps. Each step performs a linear programming optimiza-
tion applied to a single objective cost function that is de-
signed to correspond to a specific clinical objective. 

The available clinical objectives are optimize the mini-
mal dose, optimize the coverage (maximize the integral 
dose below a user defined value), optimize the homogeneity 
(maximize the integral dose below a user defined maximum 
dose), optimize conformality (minimize the maximum dose 
to a user defined shell surrounding the target), optimize the 
maximum dose, and optimize the mean dose (minimize the 
integral dose above a user defined value). 

The optimization process starts with user defined maxi-
mal dose constraints for each anatomical structure. The user 
can also define maximum monitor unit (MU) constraints for 
each beam, for each robot position, and for the entire  

treatment plan to constrain the entry dose and the total 
treatment time. These use-defined initial constraints cannot 
be violated during the sequence of optimization steps. 

The algorithm can also automatically generate user de-
fined tuning structures, which are shells created from sym-
metric or asymmetric dilation of a target volume. Maximum 
dose constraints applied to shells at different distances con-
strain the dose conformality and the low dose extensions. 

Then the optimization process goes through a sequence 
of user-defined optimization steps. The objectives and the 
order of the steps define the clinical priorities. Because the 
result of each step is applied as an additional constraint for 
all subsequent steps, any planning objective already opti-
mized will not degrade as a result of later optimization 
steps. Therefore, Sequential Optimization builds the treat-
ment plan one clinical objective at a time. 

The solution space becomes smaller after each optimiza-
tion step, leaving fewer degrees of freedom for subsequent 
steps. Thus, the order of the steps has a significant impact 
on the final result. A user-defined relaxation parameter 
applied to the result of each step is provided to adjust this 
impact and give more flexibility for subsequent steps. 

A beam reduction routine removes all beams below a 
user-defined MU threshold and then repeats the sequence of 
steps with the remaining beams. This process can substan-
tially reduce the number of treatment beams while maintain-
ing treatment plan quality. 

Once an appropriate sequence of optimization steps is 
identified for a clinical application, this sequence can be 
stored as a script and applied to similar clinical cases. Such 
scripts can substantially reduce planning time for both typi-
cal and challenging cases and potentially allow higher qual-
ity treatment plans to be generated consistently. 

II. METHODS AND MATERIALS 

Prostate clinical studies. Sequential Optimization scripts 
were created to facilitate treatment planning for two prostate 
clinical studies. The first script was designed to generate 
treatment plans with dose distributions within minor varia-
tions of the protocol “Prospective evaluation of CyberKnife 
stereotactic radiosurgery for low and intermediate risk  
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prostate cancer: homogeneous dose distribution” [2]. The 
second script was designed to generate dose distributions 
within minor variations of the protocol “Prospective evalua-
tion of CyberKnife stereotactic radiosurgery for low and 
intermediate risk prostate cancer: emulating HDR brachy-
therapy dosimetry” [3]. Clinical objectives of these proto-
cols are listed in Tables 1 and 2. A group of 10 cases with 
prostates of various sizes and shapes were used to evaluate 
the two scripts. Prostate volumes ranged from 25 to 70 cm3. 

Lung clinical study. Two scripts were created to facilitate 
treatment planning for the lung clinical study protocol “In-
ternational Randomized Study to Compare Cyber-
Knife Stereotactic Radiotherapy with Surgical Resection in 
Stage I Non-small Cell Lung Cancer” [4]. One script was 
designed to generate treatment plans for peripheral lung 
tumors, and the other for central tumors. Clinical objectives 
of this protocol are listed in Table 3. Three target volumes 
are defined in this study: GTV, PTV1 (GTV + 3 mm), and 
PTV2 (GTV + 11 mm). A group of 10 lung cases with tu-
mors of various sizes, shapes and location (2 peripheral, 8 
central) were used to evaluate the two scripts. Lung tumor 
volumes ranged from 2.0 to 24.6 cm3. Maximum dose con-
straints were defined only for critical structures located <25 
mm from PTV2. 

All prostate and lung treatment plans were generated us-
ing the scripts without adjustment. The plans were gener-
ated using multiple collimator sizes for delivery with the 
Iris™ Variable Aperture Collimator (Accuray Inc., Sunny-
vale, CA, USA). 

III. RESULTS 

The four scripts generated treatment plans with dose dis-
tributions within the minor variations defined by the proto-
cols without adjustment for all but 2 of 20 cases. The script 
for the prostate radiosurgery study with heterogeneous dose 
distribution consistently generated dose distributions similar 
to an HDR treatment, but in 2 cases minor adjustments to 
the script were necessary to meet the dose requirements for 
the urethra, rectum, and bladder. Examples of treatment 
plans generated using the two prostate scripts are presented 
in Figures 1 and 2. Examples of the central lung tumor  
 
Table 1 Clinical objectives for prostate radiosurgery study with homoge-
neous dose distribution 

Clinical objectives Minor Variations Major Variations
Prostate V40Gy <95% <90% 
PTV V36.25Gy <95% <90% 
Rectum V36Gy >1cc >2cc 
Bladder V37Gy >10cc >20cc 
Bowel V30Gy N/A >1cc 
Urethra V47Gy >20% >50% 

script are presented in Figure 3. Results for the peripheral 
lung tumor script are similar. 

Table 2 Clinical objectives for prostate radiosurgery study with heteroge-
neous dose distribution 

Clinical objectives Minor Variations Major Variations
PTV V38Gy N/A <95% 
PTV V47.5Gy ~50% N/A 
PTV V57Gy ~15% N/A 
Rectum Dmax >38.0 Gy >41.8 Gy 
Rectal mucosa Dmax >28.5 Gy >34.2 Gy 
Bladder  Dmax N/A >45.6 Gy 
Bladder D10 N/A >41.8 Gy 
Bowel Dmax >28.5 Gy >34.2 Gy 
Urethra Dmax N/A >45.6 Gy 
Urethra D10 N/A >41.8 Gy 
Urethra D50 N/A >39.9 Gy 

Table 3 Clinical objectives for lung study 

Clinical objectives Peripheral tumors Central tumors 
GTV V60Gy <100% <100% 
PTV1 V60Gy <95% <95% 
PTV2 V50Gy* <90% <90% 
Total lung V20Gy >20% >20% 
Total lung V10Gy >30% >30% 
Total lung V5Gy >50% >50% 
Esophagus Dmax  >27 Gy >50 Gy 
Esophagus D1cc N/A >35 Gy 
Esophagus D10cc N/A >30 Gy 
Brachial plexus Dmax >24 Gy >40 Gy 
Brachial plexus D1cc N/A >35 Gy 
Brachial plexus D10cc N/A >30 Gy 
Trachea Dmax >30 Gy >50 Gy 
Trachea D1cc N/A >35 Gy 
Trachea D10cc N/A >30 Gy 
Proximal bronchial Dmax N/A >50 Gy 
Proximal bronchial D1cc N/A >40 Gy 
Proximal bronchial D10cc N/A >35 Gy 
Heart Dmax >30 Gy >50 Gy 
Heart D1cc N/A >40 Gy 
Heart D10cc N/A >35 Gy 
Major vessels Dmax N/A >50 Gy 
Major vessels D1cc N/A >40 Gy 
Major vessels D10cc N/A >35 Gy 
Spinal cord Dmax >18 Gy >25 Gy 
Spinal cord D1cc N/A >20 Gy 
Spinal cord D10cc N/A >15 Gy 
Skin D1cc >35 Gy >40 Gy 
Skin D10cc >30 Gy >35 Gy 

*All values listed are major variations. The only minor variation defined in 
the protocol is for PTV2 V50Gy, which is <95%. 
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a) Maximize the minimum dose <= 40Gy to the prostate 

 
b) Maximize homogeneity (the integral dose) <= 42Gy to the prostate 

 
c) Maximize coverage (the integral dose) <= 36.25Gy to the PTV 

 
d) Minimize mean dose (the integral dose) >= 27Gy to the rectum 

 
e) Minimize mean dose (the integral dose) >= 27Gy to the bladder 

 
f) Minimize the number of beams from 406 to 189 beams 

Fig. 1 Sequential Optimization script for prostate study with homogeneous 
dose distribution. The yellow, red, green and blue isodose lines are 40, 
36.25, 27, and 18 Gy, respectively. The red, dark blue, purple, light blue 
and orange VOIs are the prostate, PTV, bladder, rectum, and urethra, 
respectively. The curves on the DVHs correspond to the VOI colors, from 
left to right you have the rectum, bladder, PTV, prostate and urethra 

 
a) Maximize the minimum dose <= 38Gy to the prostate 

 
b) Maximize coverage (the integral dose) <= 57Gy to the PTV 

 
c) Minimize mean dose (the integral dose) >= 38Gy to the urethra 

 
d) Minimize mean dose (the integral dose) >= 28.5Gy to the rectum 

 
e) Minimize mean dose (the integral dose) >= 28.5Gy to the bladder 

 
f) Minimize the number of beams from 345 to 216 beams 

Fig. 2 Sequential Optimization script for prostate study with heterogeneous 
dose distribution. The red, orange, yellow, green and blue isodose lines are 
57, 47.5, 38, 28.5, and 19 Gy, respectively. The red, dark blue, purple, light 
blue and orange VOIs are the prostate, PTV, bladder, rectum, and urethra, 
respectively. The curves on the DVHs correspond to the VOI colors, from 
left to right you have the rectum, bladder, urethra, PTV and prostate 
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a) Maximize the minimum dose <= 60Gy to the GTV 

 
b) Maximize coverage (the integral dose) <= 60Gy to the PTV1 

 
c) Maximize coverage (the integral dose) <= 50Gy to the PTV2 

 
d) Minimize mean dose (the integral dose) >= 5Gy to the lung 

 
e) Minimize the number of beams from 324 to 153 beams 

Fig. 3 Sequential Optimization script for lung study with central tumor. 
The yellow, red, orange, green and purple isodose lines are 60, 50, 20, 10, 
and 5 Gy, respectively. The red, purple, blue and green VOIs are the GTV, 
PTV1, PTV2, and whole lung, respectively. The curves on the DVHs 
correspond to the VOI colors, from left to right you have the whole lung 
(minus the GTV), PTV2, PTV1 and GTV 

IV. DISCUSSION 

Sequential Optimization can generate highly conformal 
treatment plans that minimize dose to nearby critical struc-
tures for lung and prostate patients. For prostate, homoge-
neous dose distributions as well as distributions that emulate 

HDR brachytherapy have been shown. For peripheral and 
central lung tumors, the conformal dose distributions spare 
normal lung tissue. The optimization sequence can be or-
dered and adjusted to cover a variety of clinical objectives. 
Here, we demonstrated prostate and lung cases, but scripts 
can be defined for any clinical case. A user can create 
scripts for simple routine cases or complex and rare clinical 
situations. Scripting may substantially reduce treatment 
planning time and help users generate consistently high 
quality plans for every patient. Scripts also help clinicians 
exchange treatment planning expertise. 

This new Sequential Optimization approach differs from 
more conventional approaches where multiple objectives 
are weighted and optimized simultaneously. This change of 
perspective may require time for the user to learn and fully 
benefit from this new tool. Providing scripts for a variety of 
clinical applications may shorten the learning curve and 
accelerate the introduction of this new optimization ap-
proach. However, these scripts should be used only as ex-
amples and starting points for the development of patient 
treatment plans. The sample scripts are not intended to re-
place the clinical judgment of the physician and other health 
professionals. 

V. CONCLUSION 

Four sample Sequential Optimization scripts were cre-
ated to plan treatments for CyberKnife radiosurgery clinical 
studies. The scripts created dose distributions within minor 
variations defined by 3 clinical protocols for most cases and 
provided a good starting point for challenging cases. 

REFERENCES  

1. Schlaefer A, Schweikard A. Stepwise multi-criteria optimization for 
robotic radiosurgery. Med Phys 2008; 35: 2094–2103. 

2. Meier R, Kaplan I, Sanda M.  CyberKnife Radiosurgery for Organ-
Confined Prostate Cancer: Homogenous Dose Distribution (Clinical-
Trials.gov Identifier: NCT00643994). 

3. Fuller DB, Lee C. CyberKnife Radiosurgery For Low & Intermediate 
Risk Prostate Cancer: Emulating HDR Brachytherapy Dosimetry 
(ClinicalTrials.gov Identifier: NCT00643617).  

4. Roth J. International Randomized Study to Compare Cyber-
Knife Stereotactic Radiotherapy with Surgical Resection in Stage I 
Non-small Cell Lung Cancer (STARS) (ClinicalTrials.gov Identifier: 
NCT00840749) 

 
 

Author: Etienne Lessard 
Institute: Accuray Incorporated  
Street: 1310 Chesapeake Terrace 
City: Sunnyvale, CA 
Country: USA 
Email: elessard@accuray.com 



Comparative study between IBT or EBRT boost doses at organs at risk in Cervical 
Cancer treatment 

A. Pereira(1), R. Pirraco(1), T. Viterbo(1), L. Gomes(1), F. Borges(1), L. Salgado(2), L. 
Carvalho(2), L. Trigo(2), J. Lencart(1) 

1 Serviço Física Médica, 2 Serviço de Braquiterapia, IPOFG, EPE, Porto, Portugal 

Abstract—  
Purpose: To perform a comparative study between the two 

techniques, IBT versus EBRT, in terms of OAR’s doses, in 
cervix cancer boost treatments. 

Methods: From a group of patients treated in our 
department, we selected three cases. The patients underwent 
an external beam course of 40Gy to the whole pelvis plus 10Gy  
with median protection and two 192Ir PDR IBT boost 
treatments of 20Gy (tandem and ovoids CT/MR compatible 
applicator, ICRU 38 prescription points A, dose rate of 
90cGy/h).   

For the same patients, a boost volume was contoured on CT 
images and EBRT plan was calculated (four fields, 15MV, 
20Gy to the isocenter). DVH were generated for OAR, for both 
techiques. Dose values were biologically normalised to 
equivalent doses in 2Gy fractions, based on GEC-ESTRO 
recommendations, in order to compare them.  

Results: Dose values ranges for volume of 0.1cc were within 
128.8-179.5cGy for rectum and 187.7-447.7cGy for bladder, in 
IBT, and within 167-205cGy for rectum and 196.8-206.4cGy 
for bladder, in EBRT. 

Conclusion: This study shows that IBT aplication has the 
best dose values for patients, in terms of OAR. Prescription 
doses were higher, with pronounced reduction in OAR doses.  

Keywords— Cervix, intracavitary brachytherapy, OAR, 
boost. 

I. OBJECTIVES  

In our institution cervical tumors, FIGO stages IB2 and 
higher, are usually treated with external radiotherapy 
(EBRT) combined with Intracavitary Brachytherapy (IBT) 
boost. Since ICRU 38 (1) publication, all aplications were 
low dose rate with 137Cs sources. We are now starting to use 
3D image-based, with CT imaging treatment planning, 
which enables us to conformal dose distribution to the target 
volume, following several international guidelines (B), with 
stteping 192Ir source treatment equipment (PDR). However, 
some IBT aplications have high doses at the organs at risk 
(OAR), which leaves us the question if that specific patient 
was best treated with IBT or EBRT boost. The purpose of 
this work is to compare the doses at OAR´s between these 
techniques, in these high risk patients. 

II. METHODS AND MATERIALS 

Changing from a 2D reconstruction treatment planning, 
based in 2 orthogonal images, to 3D image-based, aided by 
CT imaging, is a big step, that brings a new world of 
questions and doubts. GYN GEC-ESTRO (2,3) 
recommendations were followed, being our prescription 
formalism the traditional one, based on ICRU 38 report, 
with a dose volume hystogram (DVH) analysis very active, 
mainly in OAR dose reporting. 

From a group of patients treated in our department, we 
selected three cases, where the 0.1cc dose was high, beeing 
this parameter associated with ICRU OAR high dose point. 

Patients underwent an external beam course of 40Gy 
(2Gy/frac) to the whole pelvis plus 10Gy with median 
protection (to protect the cervix) in 25 fractions, and two 
192Ir PDR IBT treatments of 20Gy (tandem and ovoids 
CT/MR compatible applicator, ICRU 38 prescription points 
A, dose rate of 90cGy/h), separated by 15 days and with the 
first one around the time of the EBRT fraction number 
fifteen. 

All volumes of interest were delineated for EBRT, at the 
Varian’s ECLIPSE treatment planning system (TPS) and at 
the time of each IBT fraction at the Nucletron’s PLATO 
BPS TPS, on a set of axial ct images, beeing IBT one’s with 
the ct/mr compatible aplicators. 

Cumulative OAR DVH were calculated for each 
technique, beeing reported the doses for 0.1, 1, 2, 5 and 10 
cm3, as was recommended by GYN GEC-ESTRO working 
group. 

In order to compare OAR doses of EBRT and IBT, the 
results were normalised to fractions of 2 Gy external beam 
therapy, according to GYN GEC-ESTRO recommendations 
based on the linear-quadratic (LQ) model for incomplete 
monoexponential sublethal DNA damage repair (2,4,5). The 
equivalent dose in 2 Gy fractions (EQD2) was calculated as: 
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beeing d the dose per fraction f, N the number of equal 

fractions, α/β the parameter that caracterize the cell survival 
curve and G the repair function. In our calculations, and 
following the GYN GEC-ESTRO working group 
recommendations for PDR aplications, α/β = 3 for OAR 
tissues and G is a funtion of N, irradiation time per pulse, 
the time without irradiation between pulses and T1/2 (the 
half time for sublethal damage repair, beeing 1,5h in our 
case). 

III RESULTS 

Doses for the OAR are listed in table 1, in EQD2 
normalization. 

Table 1: OAR doses for IBT and EBRT (cGy) 

I 0.1cc 1cc 2cc 5cc 10cc  

IBT 187.7 135.1 117.3 93.2 77.3 
EBRT 200.4 197.6 193.8 168.6 126.2 

Blader 

       

IBT 155.5 117.0 108.7 86.8 66.3 
EBRT 203.2 201.4 200.6 195.8 157.6 

Rectum 

II       

IBT 447.7 224.8 187.4 152.6 123.0 
EBRT 196.8 195.6 194.4 191.4 186.6 

Blader 

       

IBT 179.5 133.9 111.1 83.6 65.4 
EBRT 167.0 137.0 121.0 111.0 110.0 

Rectum 

III       

IBT 194.3 166.5 147.3 121.0 99.2 
EBRT 206.4 205.4 205.0 204.2 203.4 

Blader 

       

IBT 128.8 99.0 85.6 69.3 52.1 
EBRT 205.0 203.0 201.4 195.2 171.6 

Rectum 

IV DISCUSSION 

Has expectable, EBRT dose values were very uniform 
for each patient, showing that patient anatomy has a very 
low influence in the resultant doses. Bladder doses were 
higher than the rectum doses, because patients normally 
have pronounced anterior abdominal wall fat, making the 
treatment planning AP field weight higher. 

Table 1 results for Patient I and III were the expectable 
dose values, in IBT applications: the highest volumes show 
a significant reduction in dose, showing the source sharp 
fall-off. Dose volume histograms (fig. 1 and fig.2) illustrate 
that IBT application has a high dose gradient with a peak 
very well defined, while EBRT histogram has large dose 
span.  

 

 
 

Fig. 1 – Bladder DVH from IBT application, normalized for 100 cGy 
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Fig. 2 – Bladder DVH from EBRT application, normalized for 100 
cGy 

Patient II results show the high dose for bladder from all 
patients taken in this work, in IBT aplications, become 
expectable values only for the larger volumes. For rectum, 
this patient show expectable values. This fact can be 
explained by patient anatomy and normally it’s not possible 
to compensate with computer optimization. We just try to 
have the lower dose rate possible, to get as close to the 
classical ICRU 38 LDR brachytherapy aplications as 
possible. 

IV CONCLUSION 

In this work we show a comparative study between the 
two types of cervical cancer boost treatment, IBT versus 
EBRT, in terms of OAR’s doses. 

This study shows that IBT aplication has the best dose 
values for patients, in terms of OAR. Prescription doses 
were higher, with pronounced reduction in OAR doses.  

In the IBT cases where patients have high dose OAR 
ICRU points, in 2D planning, we really see that the volume-
dose relationship has advantage comparing to EBRT: the 
dose decrease for higher volumes (0.1-10 cc), beeing much 
less than EBRT aplication, for entire organ volume. 

More studies are needed for following up patients that 
have such high dose points, in OAR. 
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Abstract—Step-and-shoot IMRT usually involves the de-
livery of beam segments of small size and few monitor units. 
These conditions differ from the ones used during machine 
commissioning and quality control procedures. Several pa-
pers emphasize the importance of characterizing linear ac-
celerator beam performance prior to the implementation of 
IMRT techniques.1-6 The purpose of this work was to charac-
terize the performance of a Siemens Primus dual energy 
linear accelerator, producing 6 and 18 MV x-rays and 
equipped with a 82 leaves multi-leaf collimator (MLC), for 
step-and-shoot IMRT treatment delivery. The measurements 
were done using a slab solid water phantom with a Farmer 
type ionization chambe and a 2D array. The measurements 
were made for both energies on normal and IMRT mode.  
Linearity of MU was studied in the range of 1-100 MU, using 
a 10x10 cm2 field. Beam flatness and symmetry were evalu-
ated for a 10x10 cm2 field size, for a range of 1-10, 12, 15, 20, 
50 and 100 MU, using the 2D Array. The results are accord-
ing to other published studies and show that the linear accel-
erator is suited for step-and-shot IMRT using segments with 
more than 4 MU. 

Keywords—IMRT, Step-and-Shoot, small MU, dose linear-
ity, flatness, symmetry. 

I. INTRODUCTION 

Intensity-modulated radiation therapy (IMRT) is an ad-
vanced, highly precise way of delivering radiation treat-
ments. It allows a high level of dose conformation to the 
tumor minimizing dose to adjacent normal tissues.  

Step-and-shoot IMRT involves the delivery of beam 
segments of small size, usually with few monitor units 
(MU). These conditions differ from the ones used during 
machine commissioning and quality control procedures. 
During the implementation of this technique it is important 
to characterize how the linear accelerator performs under 
these conditions.  

The purpose of this work was then to study the behavior 
of a Siemens PRIMUS linear accelerator (linac) for use in 
step-and-shoot IMRT as compared to normal treatment 
conditions. 

The PRIMUS linac is equipped with a multileaf colli-
mation system (OPTIFOCUS82) and a PRIMEVIEW 
graphical interface that, together with a SIMTEC IM-
MAXX sequencer, allow the fast delivery of intensity 
modulated beams in the form of an automatic sequence of 
beam segments. Between each segment, the radiation beam 
is turned off while the multileaf collimator (MLC) leaves 
move to the shape of the next segment. 

Between segments, while the high-voltage is continu-
ously on, the dose delivery is inhibited by a switching 
mechanism, de-synchronizing the injector and the accelera-
tor while the MLC configures the field shape. This de-
synchronization forces the electron beam out of phase with 
the microwave power. The high-voltage is maintained and 
the dose is delivered only if the electrons are in-phase with 
the microwave power and accelerated into the linear accel-
erator’s waveguide.7-9 This dephasing/phasing mechanism 
improves the dose delivery time by eliminating the startup 
and shutdown of high-voltage during the shaping of the 
subfield.1 This allows faster beam delivery with and a con-
sequent rapid return to normal beam characteristics, which 
are essential for IMRT delivery — especially when rela-
tively small MUs per segment are used. 

This mechanism of beam switching is different from 
normal irradiation mode, which stabilizes the high voltage 
before delivering the dose. Then the high voltage collapses 
to the standing or normal voltage, at which point the mul-
tileaf collimation system (MLC) configures the field shape.  

Intensity modulated beams can be created directly on the 
treatment planning system or created in PRIMEVIEW by 
grouping different fields in a special mode called IM 
groups. 

The superposition of small segments of short duration 
can have a significant impact on the accuracy and precision 
of dose delivery and the performance of the MLC must 
regularly be evaluated to ensure a precise delivery of IMRT 
fields. In our department a MLC specific quality control 
program was establish that involves the use of films and 
portal images.10-13 

Other characteristics, such as dose linearity, symmetry 
and homogeneity can have great impact on IMRT and are 
usually checked under normal mode of operation.  
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II. METHODS AND MATERIALS 

A. Materials 

A Siemens Primus dual energy linear accelerator produc-
ing 6 and 18 MV x-rays and equipped with MLC (model 
Optifocus 82 with 41 pairs of leaves) was used in the pre-
sent work. The normal dose rate is 300 MU/min for 6 MV 
and 500 MU/min for 18 MV. 

The measurements were done using a PTW RW3 slab 
solid water phantom, a PTW Farmer type ionization cham-
ber, and a Scanditronix Wellhöfer I’mRT MatriXXTM 2D 
array. 

The 2D array measurement set-up is shown in Figure 1. 
With the 2D array, we used the solid water platesf for build-
up and backscatter material.  

 
Fig. 1 2D array measurement setup 

All measurements were repeated both in the linac normal 
and IMRT functioning modes. For normal mode we used a 
simple 10x10 cm2 square field with variable number of 
monitor units. For testing IMRT mode were created an IM 
group with a set of five 10x10 cm2 segments delivered in 
sequence as an IMRT field. 

B. Dose Linearity with Monitor Units 

Dose output linearity with MU was evaluated, for 6 and 
18 MV, in the range of 1-100 MU. 

The measurements were done using the solid water phan-
tom and the Farmer ionization chamber placed at 10 cm 
depth and a 100 cm SSD set-up, shown in Figure 2. 

Small monitor unit linearity of the accelerator can be im-
proved by adjusting a parameter called Dose 1 Calibration 
Offset (D1_C0 softpot) 7. Raising this value will lower the 
output. So, after an initial set of measurements this parame-
ter was changed for both energies, in order to improve our 
results and evaluate the impact on the measured dose range.   

All values were normalized to the normal mode 100 MU 
measured dose value and the relative differences calculated. 

 
Fig. 2  Set up for measurements done with solid water phantom and ioniza-
tion chamber 

C. Beam Flatness and Symmetry Stability 

The beam flatness and symmetry were evaluated for      
1-10, 12, 15, 20, 50 and 100 MU, using the 2D array. The 
study was repeated for both energies. 

The measurements were made on normal and IMRT 
mode. For IMRT mode we created an IM group consisting 
of 5 fields with the same MU and evaluated each segment 
separately. 

The Scanditronix Wellhöfer OmniPro interface software 
of the 2D array allows the evaluation of beam flatness and 
symmetry both in X (cross-plane) and Y (in-plane) direc-
tions according to several protocols. In our case, the Sie-
mens protocol was used.  

III. RESULTS AND DISCUSSION 

A. Dose Linearity with Monitor Units 

The results of dose linearity are summarized in Table 1 
for 6 MV and in Table 2 for 18 MV. We calculated the 
average dose per MU for each IMRT segment or normal 
field and then all values were normalized to the normal 
mode 100 MU value that corresponds to 1cGy /MU. Rela-
tive errors were determined. 

Figures 3 and 4 show the initial and final values of dose 
per MU plotted against the number of delivered MU in 
normal and IMRT mode, for 6 MV and 18 MV respectively. 

For 6 MV, by raising the D1_CO value from 4935 to 
5350 we were able to improve the results, especially in the 
range 5 -20 MU, both in normal and IMRT mode. The final 
differences were below 2.0% for 4 MU or more. 

For 18 MV we lowered the D1_CO values trying to im-
prove the dose below 8 MU. Changing the parameter from 
4710 to 4300 affected more significantly the results for 7 or 
less MU and at the end the differences were left below 2.0% 
for both normal and IMRT modes for 4 MU or more. 



1040 V.P. Batel et al.

 

  
 IFMBE Proceedings Vol. 25  

 

The results found for both energies are in accordance to 
the machine specifications and agree with published results 
for this type of linac.2-6  

Table 1 Dose per MU % relative differences for 6 MV, comparing normal 
and IMRT modes for different D1_C0 values 

Relative Difference (%) 

D1_C0 = 4935 D1_C0 = 5350 
Number 

of  
MU 

Normal IMRT Normal IMRT 
3 -1,37 -1,31 -2,78 -2,15 
4 -0,23 0,35 -1,36 -1,57 
5 1,10 1,72 0,24 0,30 
6 1,41 0,89 0,19 0,46 
7 0,20 0,48 -0,24 -0,35 
8 0,21 0,45 -0,22 -0,22 
9 0,18 0,34 -0,08 0,10 

10 0,30 0,30 0,05 -0,08 
12 0,26 0,33 0,08 -0,08 
15 0,24 0,32 0,05 -0,08 
20 0,23 0,26 0,07 -0,07 
50 0,08 0,11 0,03 -0,08 
100 0,00 0,00 0,00 -0,08 

Table 2 Variation in dose output per monitor unit for 18 MV beams in 
normal and IMRT mode. The reference value is 1 cGy / MU corresponding 
to the 100 MU normal mode value 

Relative Difference (%) 

D1_C0 = 4710 D1_C0 = 4300 
Number 

of  
MU 

Normal IMRT Normal IMRT 
3 -5.45 -5.84 -3.26 -2.91 
4 -5.16 -3.49 -1.99 -1.70 
5 -3.49 -2.71 -1.79 -1.80 
6 -3.05 -2.71 -1.31 -1.87 
7 -1.96 -1.77 -0.96 -1.53 
8 -0.63 -0.19 -0.45 0.47 
9 -0.58 0.19 0.03 0.25 
10 -0.07 0.14 0.28 0.31 
12 -0.15 -0.02 0.30 0.35 
15 0.02 0.07 0.32 0.46 
20 -0.10 -0.17 0.34 0.23 
50 0.26 -0.21 0.00 -0.07 

100 0.00 -0.10 0.00 0.17 

Dose per MU - 6 MV
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Fig. 3 Variation in dose output per monitor unit for 6 MV beams in normal 
and IMRT mode, for different D1_CO value. The reference value is 1 cGy 
/ MU corresponding to the 100 MU normal mode value 
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Fig. 4 Relative % difference in dose output per monitor unit for 18 MV 
beams in normal and IMRT mode for different D1_CO values. All values 
were normalized to the 100 MU normal mode value 

B. Beam Flatness and Symmetry Stability 

The results showed that in the studied MU range, flatness 
and symmetry are within tolerance values, 3% and 2%, 
respectively.7 

We found no significant differences in symmetry and 
flatness, in both axis, between normal and IMRT mode. 

However, a close look into the obtained values showed 
that for more than 4 MU the values of flatness and symme-
try are more stable for both energies.  

These results are the according published values.2-6 
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IV. CONCLUSIONS  

The differences found between normal and IMRT modes 
were not significant. Even for beams with very few MU the 
symmetry and flatness were well within specification  
values7.  

The D1_C0 adjustment improved dose linearity, but as 
reported4 before, not in a systematic way. The major influ-
ence was on low (<10) MU. The complex variation shown 
in the output value per MU, particularly for 6 MV, with a 
peek difference value occurring at particular MU values, 
was reduced with this adjustment. 

The performance of the accelerator was found to be well 
suited to the delivery of step-and-shoot IMRT using seg-
ments with more than 4 MU. Even though results are better 
for 6 MV, with less than 0,5% for 5 MU.  For equivalent 
results with 18 MV segments with less than 8 MU should be 
avoided. 

We will proceed by checking the influence of segments 
size and asymmetry. 

This type of evaluation and beam characterization should 
be done in every linear accelerator prior to the introduction 
of techniques such of IMRT since the results are probably 
very linac type dependent. 
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Abstract—To assess the accuracy of image guidance using 
2D kilovoltage (kV) imaging and 3D cone-beam CT (CBCT), 
we quantified and evaluated the inter-fractional changes in 
setup position of forty five patients treated with stereotactic 
radiosurgery (SRS) for liver cancer. All patients in this study 
had three gold seed implanted near the tumor and received 
4DCT scan to quantify respiratory motion. Images corre-
sponding to the end exhale phase were used as primary refer-
ence images for tumor delineation, treatment plan and patient 
setup. After patient setup using conventional skin marker and 
lasers, kV orthogonal images were acquired at end-exhale, and 
then CBCT procedure was performed. The acquired images 
from a total of 135 sessions were aligned to primary reference 
images and the results of displacement were compared and 
analyzed. The average displacement with conventional setup 
was Vrt = 0.0 ± 3.7, Lat = 0.4 ± 2.6, and Lng = -3.0 ± 6.0 mm 
and Vrt = -0.5 ± 4.0, Lat = 0.4 ± 4.0, and Lng = -3.8 ± 6.0 mm 
for 2D and 3D alignment, respectively. The average magnitude 
of displacement vector was 7.0 ± 3.8 and 8.0 ± 4.3 mm, respec-
tively. Their linear correlation between 2D and 3D alignment 
was strong; R2 was 0.737, 0.745, and 0.746 at vertical, lateral, 
and longitudinal direction, respectively. However the slope of 
the estimated regression line was less than 1. Compared with 
patient setup using CBCT, the residual displacements in  
liver position on kV orthogonal images were Vrt = -0.2 ± 2.4, 
Lat = -0.01 ± 2.2, and Lng = -0.5 ± 3.4 mm on the average, 
respectively. 

Keywords—Image guidance, kV imaging, CBCT, Stereotac-
tic radiosurgery, Liver. 

I. INTRODUCTION  

An ideal radiation treatment is that radiation be delivered 
to the target as planned. However, uncertainties in target 
positioning exist in every treatment site for several reasons 
[1]. To overcome these uncertainties, appropriate margins 
were applied to the target volume and the concept of the 
internal target volume (ITV) and the planning target volume 
(PTV) has been introduced [2].  However excessive margins 
could not spare the organs at risk, thereby normal structure 
complications would limit dose escalation to eradicate tu-
mor cell. To reduce the setup uncertainties, fixed body 

frame were introduced and the first encouraging results of 
stereotactic body radiation therapy (SBRT) were published 
for liver cancer [3, 4]. However liver SBRT is still challeng-
ing because of the low tolerance of the whole liver [5] and 
the proximity to organs at risk.  

The growing demand for accurate measurement of setup 
error, in combination with the effort to reduce PTV margin, 
has encouraged increasing a number of studies to improve 
imaging quality. The developments of kV CBCT for IGRT 
have significantly progressed since this technology was 
introduced in 2002 [6]. In case of kV CBCT applied to the 
evaluation of setup error, improved accuracy and precise 
setup estimation compared those using conventional portal 
imaging were reported [7]. Additional evaluations of setup 
accuracy based on CBCT have been reported for several 
anatomical regions [8-12]. However, in case of liver, al-
though kV CBCT has many advantages compared other 
imaging modalities for patient setup, inherent motion arti-
facts have been a major obstacle to accurate image guid-
ance. 

In this study, to overcome the breathing induced uncer-
tainty, we introduced our strategy using four dimensional 
CT images and implanted fiducial markers as a surrogate 
for liver position. Furthermore we evaluated the accuracy in 
patient setup using kV orthogonal imaging and CBCT, and 
assess the correlation between two image guidance. On the 
assumption that 3D volumetric images using kV CBCT 
provide better definition of the liver and organs at risk, 
allowing improved setup accuracy, we additionally evaluate 
the residual displacement in liver position in patients treated 
using kV orthogonal image guidance. 

II. MATERIALS AND METHODS 

A. 4DCT Simulation and Treatment Planning 

Between March 2007 and December 2007, a total of 45 
patients with liver cancer were received 4DCT scans using 
GE LightSpeed RT CT (GE Medical system, Milwaukee, 
WI) and Real-time Position Management System (RPM, 
Varian Medical Systems, Palo Alto, CA). To quantify their 
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respiratory liver motion, three gold seeds, 3 mm in length 
and 1.2 mm in diameter, were implanted near the target 
region. Patients were positioned supine with their arms 
raised over their heads, and immobilized using vacuum 
cushion. Before the 4DCT acquisition, a plastic block with 
two infrared reflective markers is placed on each patient’s 
abdomen, and then the block position was marked on the 
patient’s skin for reproducible positioning during treat-
ments. This block is a component of the RPM system, and 
used to trace the respiratory signal of patients in state of 
freely breathing. 

A series of axial CT scans with slice thickness of 2.5 mm 
in cine mode are obtained at each couch position. The scan-
ning duration was determined to be long enough to encom-
pass at least one full respiratory cycle. Each reconstructed 
images was associated with the RPM trace and sorted into 
10 phases on a GE Advantage Workstation 4.3 (AW, GE 
Medical system, Milwaukee, WI). Three dimensional respi-
ratory motion of three fiducial markers were measured us-
ing Advantage 4D and used to discuss whether to gate or 
not. Maximum intensity projection (MIP) were generated 
using Advantage 4D from the raw data set of the 4DCT 
scan for 10 phases. 

End expiration images (50% phase) and MIP images 
were transferred to the treatment planning system (Eclipse 
8.1, Varian Medical Systems, Palo Alto, CA). End expira-
tion images were used as a primary image for tumor de-
lineation and treatment planning. To yield an ITV, the 
maximum of the measurement values of marker motion was 
used as an internal margin (IM). The PTV was then defined 
by adding a 5 mm safety margin to the ITV [2]. The MIP 
images were used to contour a respiratory track of markers 
as a reference for patient setup using CBCT. The contours 
were fused to the primary 50% phase image. 

B. 2D/2D and 3D/3D Match 

A linear accelerator (LINAC) equipped with on-board 
imager (OBI, Varian Medical Systems, Palo Alto, CA) was 
used for this study. After patient setup using conventional 
skin markers and room lasers, kV orthogonal images were 
acquired from a total of 135 treatment sessions. To take 
account of marker position followed by respiratory motion, 
manual image acquisition using fluoroscopic mode was 
used. Markers on AP and right lateral kV images acquired 
at end expiration were aligned with marker contours on 
digital reconstructed radiographies (DRRs) of 50% phase 
image (Figure 1).  

CBCT procedures were performed for each patient im-
mediately after taking an online shift in their own treatment  
 

 
Fig. 1 2D/2D match using marker contours (red) in 50% phase images 

positions. Respiratory marker motion was already reflected 
to the CBCT images due to long scan time (about 60 sec). 
Marker track contours in MIP images were used to align 
CBCT images to primary 50% images because internal 
organ shapes and boundaries were blurred by motion arti-
facts (Figure 2). The image registrations were finally per-
formed and approved by the attending radiation oncologist. 
The rotational shift was not considered in this match, as 
well as 2D/2D match. 

 
Fig. 2 3D/3D match using marker track contours (red) in MIP images. A; 
axial image, B; coronal image, C; sagittal image, and D; axial image of 
primary 50% image 

C. Statistic Analysis 

The online correction results of two image guidance us-
ing kV orthogonal images and CBCT images were com-
pared to assess the similarity, and evaluated by regression 
analysis using SPSS ver. 13.0. Furthermore, the setup dis-
placements of each image guidance analyzed according to 
the computation and the specification described by van 
Herk [13], including the standard deviation (SD) of the 
systematic error, Σ, the SD of the random error, σ, and the 
group mean error, M. To estimate setup margins resulting 
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from setup uncertainty alone, we have been applying the 
following general form described by van Herk [13 ].  

Setup margin = 2.5 Σ + 0.7 σ                       (1) 

III. RESULTS 

For each image guidance using kV orthogonal imaging 
and CBCT, the average (± 1SD) displacement with conven-
tional setup was Vrt = 0.1 ± 3.7, Lat = 0.4 ± 2.6, and Lng = 
-3.0 ± 6.0 mm and Vrt = -0.5 ± 4.0, Lat = 0.4 ± 4.0, and Lng 
= -3.8 ± 6.0 mm, respectively. The maximum displacement 
was 12, 8, and 18 mm and 17, 16, and 18 mm at each verti-
cal, lateral, and longitudinal direction, respectively. The 
average magnitude of displacement vector was respectively 
7.0 ± 3.8 and 8.0 ± 4.3 mm. Figure 3 shows the histogram 
of the frequency in vertical, lateral, and longitudinal dis-
placements divided into 2 mm bins. In both case, the distri-
butions obtained from longitudinal direction are wider than 
those obtained from the others.  

 
Fig. 3 Histogram of translational shifts applied to patient setup with 131 
treatment sessions. The coordinates for patient/couch position: Vrt = 
+Ant/-Post, Lat = +Right/-Left, and Lng = +Inf/-Sup 

The results of 2D and 3D alignment were appeared using 
the scatter diagram at each direction (Figure 3). The dia-
gram was shown strong linear correlation between 2D and 
3D alignment. (R2 = 0.737, 0.745, and 0.746 at vertical, 
lateral, and longitudinal direction, respectively). However a 

slope (β ± 1.96 Standard error) of the estimated regression 
line was 0.789±0.083 (Vrt), 0.563±0.058 (Lat), and 
0.869±0.089 (Lng) and less than 1 on 95% confidence in-
terval.   

 

 
Fig. 4 Scatter diagram of the displacements corrected using 2D/2D match 
(Y-axis) and 3D/3D match (X-axis) at each direction (Vrt, Lat, and Lng) 

Table 1 present a summary of the group systematic error 
(M), the SD of the systematic error (Σ), and the SD of the 
random error (σ) based on the displacement guided using 
kV orthogonal imaging and CBCT. The setup margins were 
calculated applying equation (1). 

Table 1 The group systematic error (M), the SD of the systematic error (Σ), 
and the SD of the random error (σ) in Vrt, Lat, and Lng directions for all 
patients 

 2D/2D match  3D/3D match 
[mm] Vrt Lat Lng  Vrt Lat Lng 

M 0.1 0.3 -2.8  -0.4 0.1 -3.4 

Σ 3.3 2.2 5.1  3.8 3.2 5.3 

σ 2.2 1.6 3.9  1.9 2.8 3.6 
Setup 

Margin 9.8 6.6 15.5  10.8 10.1 15.6 

The residual displacements in liver position on kV or-
thogonal images were shown at figure 4. The average dis-
placements in liver position on kV orthogonal images were 
Vrt = -0.2 ± 2.4, Lat = -0.01 ± 2.2, and Lng = -0.5 ± 3.4 
mm, respectively. The maximum displacement was 14, 8, 
and 11 mm at vertical, lateral, and longitudinal direction, 
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respectively. For the displacement at vertical, lateral, and 
longitudinal direction, 97%, 99%, and 92% of all setup were 
less than ±5 mm, respectively. 

 
Fig. 5 Histogram of residual displacement in liver position in patients 
treated using kV orthogonal image guidance 

IV. DISCUSSION AND CONCLUSION 

We have evaluated a displacement of patient setup on 
daily basis for 45 patients with 135 treatment sessions. 
The marker implanted in the liver served as surrogate for 
actual target. The determined setup margins guarantees 
that 90% of patients receive a minimum CTV dose of 95% 
of the prescribed dose [14]. The correlation between 2D 
and 3D alignments was strong, but the slope of the esti-
mated regression line was less than 1. The differences 
between 2D and 3D alignments were mainly caused by the 
respiratory information included in each setup images. 
While full phase respiratory motion was included in CBCT 
images, 2D orthogonal images reflect incomplete end-
exhale phase because of the manual acquisition. Addition-
ally, despite of immobilization of the patients, intrafrac-
tional drift was suspected to another reason of the differ-
ence. The intrafractional drifts in liver position have been 
observed in several studies [12, 15-17], the drifts indicate 
that the end expiration may not be stable within the first 
several minutes after patient setup [17]. Additional analy-
sis is required to increase the setup accuracy and to define 
the residual margin for 2D alignment using kV orthogonal 
imaging. 
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Abstract—Preliminary studies have shown that Volumetric 
modulated radiation therapy (VMAT) is a promising and 
competitive radiation treatment modality and could replace 
conventional intensity modulated radiation therapy (IMRT) 
for certain disease sites. Contrast to direct aperture optimiza-
tion (DAO) adopted in intensity modulated arc therapy 
(IMAT), where MLC apertures are pre-defined and are not 
included in optimization, VMAT optimizes both MLC aper-
tures and monitor unit (MU) weights. In addition, VMAT uses 
a much higher gantry angle sampling frequency to better 
model the continuously moving source. Thus, a desirable dose 
distribution can be achieved through MLC aperture modula-
tion, dose rate modulation, and gantry angular speed modula-
tion. Unlike conventional rotational techniques, in which the 
gantry rotates at a uniform angular speed from one segment to 
the next during treatment, VMAT requires the gantry to ac-
celerate and decelerate frequently to deliver a given angular 
dose rate (MU/degree). This could potentially become a source 
of dosimetric error and compromise the plan quality. In this 
study, we investigated the dosimetric effects of gantry angular 
acceleration and deceleration in VMAT. Here, we report our 
initial results of the study. As far as we know, this is the first 
study of this kind on VMAT and RapidArc in the field.  

Keywords—VMAT, RapidArc, IMRT, Angular Accelera-
tion, and MLC Aperture. 

I. INTRODUCTION  

Conventional IMRT inverse treatment planning adopts a 
beamlet-based optimization. In this approach, each field or 
gantry angle is divided into a matrix of beamlets in space. A 
beamlet is the smallest unit area whose dose weight is to be 
optimized independently. The optimization yields a con-
tinuous fluence or intensity map for each field, which is 
then digitized into desired intensity levels for delivery. To 
produce these discrete intensity levels on a medical linear 
accelerator (Linac), a series of multi-leaf collimator (MLC) 
apertures needs to be created through an optimization proc-
ess called leaf sequencing. There are several problems asso-
ciated with beamlet-based IMRT. First of all, optimized 
intensity maps are converted into a series of discrete inten-
sity levels in an attempt to make the leaf sequencing easier 

and more efficient. However, this step introduces some 
quantization errors and therefore results in loss of treatment 
plan quality. Secondly, leaf sequencing is constrained by 
hardware-related factors and therefore often produces a 
large number of complex aperture shapes to deliver a given 
intensity map. This significantly increases the number of 
monitor units (MU) and thus scatter dose to uninvolved 
areas. Thirdly, to speed up the optimization, the leaf se-
quencing step is excluded from the intensity map optimiza-
tion, therefore, all the delivery-related effects, such as leak-
age caused by the tongue-and-groove and rounded leaf-end 
designs, and head scatter are not taken into account when 
choosing an intensity map. Fourthly, the delivery of fixed 
gantry IMRT plans is inefficient due to frequent beam-off 
gantry rotations from one treatment field to the next.  

An alternative approach to create and deliver intensity 
modulated beams is aperture-based rotational techniques. 
Aperture-based optimization is designed to reduce the com-
plexity of conventional IMRT planning and is flexible-
enough to easily include delivery-related effects. In particu-
lar, aperture-based optimization often requires no leaf se-
quencing and MLC apertures are guaranteed to satisfy de-
livery constraints. More significantly, aperture-based 
optimization can greatly reduce the number of MUs by 
sacrificing the number of achievable intensity modulation 
levels slightly. Although considerable efforts had been 
made to realize aperture-based rotational techniques, their 
clinical applications were limited by physics and engineer-
ing constraints in the past. Recently, we have successfully 
developed a treatment planning system (TPS) for aperture-
based volumetric modulated radiation therapy (VMAT) 
using a similar approach proposed by Otto. Unlike conven-
tional IMRT, where intensity modulation is achieved 
through leaf motion alone, VMAT produces intensity modu-
lation through a combination of MLC aperture, dose rate, 
and gantry angular speed modulations. The frequent 
changes in gantry angular speed required to deliver a given 
angular dose rate (MU/degree) lead to a fast gantry angular 
acceleration. As the temporal dose rate (MU/min) is a con-
stant between two consecutive control points (called a  
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segment), excessive gantry acceleration could produce an 
inaccurate dose distribution and thus, could potentially 
become a significant source of dosimetric error. It is, there-
fore, important to quantitatively estimate this error for the 
purpose of quality assurance (QA). In this paper, we report 
the initial results of our investigation.  

II. MATERIALS AND METHODS 

A. VMAT Optimization 

Unlike the popular direct aperture optimization (DAO), 
where the only optimization parameters are the weights of 
some pre-defined MLC apertures, VMAT is designed to 
optimize both MLC aperture shapes and aperture MU 
weights using a multi-level source sampling optimization 
scheme (MSSO) (Table 1). The advantage of this approach 
is the significant reduction in optimization time at lower 
source sampling frequencies. The optimization is performed 
on a quadratic objective function, constructed by dose-
volume constraints of targets and organs at risks (OAR). 

Table 1 Multi-level Source Sampling Optimization (MSSO) 

Source 
Sampling 

Level 

Number of Source 
Samples 

 (Control Points) 

Gantry Angle/Sample 
(degree) 

 Number of 
Iterations 

1 23 15.7 4 
2 45 8 4 
3 90 4 4 
4 180 2 4 

In the first round of source sampling, twenty-three static 
source samples spaced at 15.7° are acquired to model the 
continuously moving source. The initial MLC apertures are 
defined as the beam’s eye view (BEV) of the planning tar-
get volume (PTV) plus a 4 mm uniform margin or PTV + 4 
mm margin + a random aperture erosion specified by the 
planner. The initial MU weights of these MLC apertures are 
given as 100% of the PTV prescription dose. The optimiza-
tion is performed on a quadratic objective function using the 
generic conjugate gradient method. For each round of opti-
mization, a source sample is randomly selected from the 
sample pool. The MU weight or MLC aperture or both for 
this source sample are adjusted. If the adjustments don’t 
violate the machine constraints, then the dose distribution 
and the objective function are computed. The adjustments 
are accepted if the objective function becomes smaller. 
Otherwise, they are rejected and next iteration of optimiza-
tion is initiated until four iterations are reached. The above 

steps are then repeated for the next randomly selected 
source sample. After a pre-defined number of random 
source samples have been touched, the source samples are 
increased to 45. These new source samples are evenly  
distributed in between exiting source samples. The MLC 
aperture and MU weights of these newly introduced source 
samples are linearly interpolated between exiting adjacent 
source samples. Four iterations of optimization are then 
performed again for each randomly selected source sample. 
This source sampling process is repeated for four times until 
180 source samples are recruited.  

B. Machine Constraints 

In conventional IMRT planning, the major machine con-
straint is the MLC leaf speed. However, to ensure that a 
computer-generated VMAT plan is deliverable, a series of 
machine constraints has to be met.  For a RapidArc-enabled 
Trilogy machine equipped with M120 MLC (Varian Medi-
cal Systems, Palo Alto, CA, USA), these constraints are 
divided into four different categories:  control points, gantry 
constraints, MLC constraints, and dose rate and MU  
constraints.   

 
1. Control Points (CP): 

                               CP ≤  CPmax = 180                              (1) 

                           constant 
11

1 ≠
−
−

++

+

ii

ii MWMW
θθ

                     (2) 

 
where 1+iMW and iMW are the MU weights at control point 

1+i  and i and 1+iθ and iθ are the gantry angles at control 
point 1+i  and i, respectively.  
 
2. Gantry Constraints: 

Gantry angle range 3600 ≤≤ θ                         (3) 
 
Gantry angular speed ω  

max
⎟
⎠
⎞

⎜
⎝
⎛≤=

dt
d

dt
d θθω = 4.8°/s or 0.8 RPM              (4) 

 
Gantry angular acceleration α  

 
max

2

2

max
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟

⎠
⎞

⎜
⎝
⎛≤=

dt
d

dt
d

dt
d θωωα = ±1.8°/s2      (5) 
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3. MLC Constraints: 
Leaf linear speed v  

cm/s 2.25
max

=⎟
⎠
⎞

⎜
⎝
⎛≤=

dt
dx

dt
dxv                   (6) 

where x is the leaf position 
Leaf angular speed ϕ  

cm/degree 46875.0
max

=⎟
⎠
⎞

⎜
⎝
⎛≤=

θθ
ϕ

d
dx

d
dx

           (7) 

4. Dose Rate and MU Constraints: 

The minimum angular dose rate (ADR)min                

                            (ADR)min  = 0.1 MU/deg.                        (8) 

The maximum angular dose rate (ADR)max 

 (ADR)max  = 20 MU/deg.                         (9) 

The minimum temporal dose rate (TDR)min                

 (TDR)min  = 30 MU/min.                        (10) 

The maximum temporal dose rate (TDR)max 

 (TDR)max  = 600 MU/deg.                      (11) 

C. Test Plan 

A commercial phantom, MapPHAN with MapCHECK 
(Sun Nuclear Corporation, Melbourne, FL, USA), was 
scanned on a Brilliance Big Bore CT scanner (Philips 
Medical Systems, Cleveland, OH, USA) with a slice thick-
ness of 3 mm and a matrix size of 512×512. The MapPHAN 
is a water equivalent phantom that holds a MapCHECK at 
isocenter for rotational dosimetry. The acquired CT images 
were transferred to our in-house VMAT TPS for treatment 
planning. A VMAT plan with 180 control points and 360° 
gantry rotation was computed. The plan was exported to 
Aria (Varian Medical Systems, Palo Alto, CA, USA) in 
preparation for delivery.  On a Varian Trilogy CLINAC, the 
detector plane of the MapPHAN with MapCHECK was 
setup to the isocenter. The VMAT plan was delivered six 
times with six different maximum dose rates: 600, 500, 400, 
300, 200, and 100 MU/min, respectively. The measured 
dose distribution with 600 MU/min was used as the baseline 
for comparison purpose.   

III. RESULTS 

Table 2 Average Gantry Angular Speed and Acceleration 

Max Dose Rate 
(MU/min) 

Ave Gantry angular 
Speed (deg/s) 

Ave Gantry Angular  
Acceleration  (deg/s2) 

100 1.5315±0.9629 0.0010±0.7814 
200 2.7523±1.2022 0.0039±1.3961 
300 3.5789±1.0444 0.0088±1.4887 
400 4.1408±0.7447 0.0156±1.2347 
500 4.5407±0.4492 0.0244±0.6780 
600 4.8000±0.0000 0.0000±0.0000 

Table 2 shows the average gantry angular speed and an-
gular acceleration for all 180 control points. Errors repre-
sent standard deviation. Because the angular acceleration 
could be a negative value, indicating deceleration, the 
arithmetic average angular acceleration was very small, 
especially for 100, 200, and 300 MU/min. In general, the 
higher the maximum dose rate, the less the absolute gantry 
angular acceleration is. Figure 1 shows the gantry angular 
acceleration vs. the control point. For clarity, only data for 
100, 300, and 600 MU/min were included in the figure. The 
gantry angular acceleration α was calculated as follow:  

)(2 1

22
1

ii

ii
i θθ

ωωα
−

−
=

+

+                                (12) 

where 1+iω and iω are the gantry angular speeds and 1+iθ and 

iθ are the gantry angles at control points 1+i  and i, respec-
tively. In this study, 1+iθ - iθ = 2°. As shown in Figure 1, 
the gantry angular acceleration for 600 MU/min was zero 
throughout the entire 360° rotation, indicating a uniform 
angular speed, while the gantry angular acceleration for 100 
and 300 MU/min was changing rapidly, indicating an inten-
sive gantry angular speed modulation.     

 
Fig. 1 Gantry angular acceleration vs. control point 
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Figure 2 (A) shows the measured dose distribution for 
600 MU/min and Figure 2 (B) shows the measured dose 
distribution for 100 MU/min. Figure 2 (C) is the dose dif-
ference map between (A) and (B). If the two measured dose 
distributions were identical, the difference map would have 
a uniform color. As indicated in (C), there were observable 
color differences in the dose map. These dose discrepancies 
covered an extensive area, but were mainly concentrated in 
the PTV, i.e., in the high dose and high dose gradient re-
gions. The dose differences ranged from -2 ~ 6 cGy. For a 
single fraction, this difference may be trial. But for an 8640 
cGy prostate case, the accumulative dose differences could 
be significant and should not be ignored.       

 
 

 

     

     

            
 

Fig. 2 Measured dose distributions for 600 MU/min (A)  and  100 MU/min 
(B) and the dose  difference map  (C) between (A) and (B) 

Table 3 shows the average absolute gantry angular accel-
eration and percent dose differences for the isocenter and 
the normalization point in the PTV. Figure 3 shows the 
percent dose differences vs. maximum dose rate for these 
two points. There was a clear linear correlation between 
two. The R2 values were 0.9301 and 0.9492 for the isocenter 
and the normalization point, respectively.   

Table 3. Absolute Angular Acceleration and Percent Dose Difference  

Max Dose 
Rate 

(MU/min) 

Ave Absolute  
Gantry Angular  

Acceleration  
(deg/s2) 

CAX Dose  
   Diff (%) 

 
  PTV Dose  
   Diff (%) 

100 0.4597±0.6310       -2.164       -0.812 

200 0.8913±1.0725       -1.541       -0.499 

300 0.9319±1.1588       -0.965       -0.300 

400 0.7040±1.0131       -0.374       -0.195 

500 0.3535±0.5784       -0.187       -0.109 

600 0.0000±0.0000        0.000        0.000 

  
Fig. 3 Percent dose difference vs. maximum dose rate for two representa-
tive points 

IV. DISCUSSION AND CONCLUSION 

VMAT and RapidArc achieve intensity modulation 
through a combination of MLC aperture, dose rate, and 
gantry angular speed modulations. The latter two are inter-
related. In theory, the number of intensity modulation levels 
achievable for VMAT is less than that of conventional 
IMRT. However, because of dose rate and gantry angular 
speed modulations, VMAT can significantly shorten the 
treatment time. During optimization, the priority is given to 
dose rate modulation. Only when the highest dose rate is not 
fast enough to deliver the required number of MUs for a 
given control point, then the gantry slows down and gantry 
angular speed modulation kicks in. This is to ensure that the 
gantry always rotates at the highest uniform speed because 
excessive acceleration and deceleration could cause do-
simetric errors. In this study, we found that gantry angular 
acceleration did affect the accuracy of delivered dose. This 
problem was particularly pronounced when the maximum 
dose rate was low. As VMAT and RapidArc are new  

(A) 

(B) 

(C) 
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treatment modalities, this phenomenon needs to be further 
explored. 
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Abstract—In the present work, we studied the effect of a 
multileaf collimator (MLC) on the build-up region. Ionization 
measurements (PDI) were performed in a water phantom for a 
6 MV photon beam emerging from a Varian 2100C/D accelera-
tor with a 120 – MILLENIUM MLC. We used two different 
detectors: a PTW 31002 cylindrical ionization chamber (IC) 
and a Roos parallel-plate chamber. Several MLC-JAWS con-
figurations were investigated and the contribution of MLC for 
the build-up region was determined by comparing PDIs meas-
ured for MLC defined field sizes (from 2 x 2 to 10 x 10 cm2) 
and the corresponding PDIs measured for open fields. Our 
results were also compared with previous Monte Carlo (MC) 
simulated depth dose curves for the same experimental set-up 
[1].The Roos chamber measured dose values agree with MC 
values within 2% for all MLC openings and depths greater 
than 2 mm. We observed differences of about 4% between the 
values measured with cylindrical IC and previous calculated 
MC values. A negligible effect (less than 1%) of the MLC on 
the build-up dose was observed for all MLC defined field sizes. 
Our measurements can not predict the MC calculated surface 
dose values. 

Keywords—Build-up dose, Surface dose, Multileaf collima-
tor, Monte Carlo simulation, Ionization chamber. 

I. INTRODUCTION  

MLCs have become a powerful tool to improve dose dis-
tribution in complex cases, as for example 3D conformal 
radiotherapy (3D-CRT), intensity-modulated radiotherapy 
(IMRT) and image-guided radiotherapy (IGRT). In some 
clinical situations, the treated patients experience a signifi-
cant time under the leaves and so MLC contribution to the 
useful beam must be taken into account during treatment 
planning. Previous authors [2] have reported that, for a 
6MV photon beam, the electrons ejected from a MLC con-
tribute about 18% of the surface dose. However, their study 
includes only a 10x10 cm2 MLC blocked field. Recent work 
[1] has investigated the MLC contribution to the build-up 
region using Monte Carlo method for various MLC-JAWS 

opening configurations. The authors investigated the contri-
bution of the 120-leaf MILLENIUM MLC to the 6 MV 
photon beam from a VARIAN 2100C/D accelerator. They 
reported that the MLC contribution to the total dose is about 
2% for the 2x2 cm2 field size and less than 1% for the 
10x10 cm2 one. However, they did not validate the Monte 
Carlo calculated dose values. 

In the present work we aim to investigate experimentally 
the MLC effect on the build-up dose region. Measurements 
in water phantom were carried out with two different ioni-
zations chambers and for several MLC-JAWS field configu-
rations. Percentage depth ionization (PDI) curves were 
measured including and excluding the MLC in order to 
determine the MLC contribution.  

II. MATERIALS AND METHODS 

The clinical accelerator used in this study was a VARIAN 
2100C/D linear accelerator equipped with a 120-leaf 
MILLENIUM MLC. The experiments were done for a 6 MV 
photon beam.  

PDI curves were measured in a PTW motorized 3D water 
phantom for MLC defined field sizes of 2 x 2, 4 x 4 and 10 
x 10 cm2 at a source to surface distance (SSD) of 95 cm. For 
all these openings, the collimating JAWS were set to back 
up the leaf positions by 5 mm in X and Y directions, defin-
ing 3 x 3, 5 x 5 and 11 x 11 cm2 fields, respectively. In 
order to analyze the contribution of the MLC, measured PDI 
were compared to those of fields for which the MLC does 
not intercept the beam and the scattering of the MLC does 
not affect the field, i.e. a 50×50 cm2 MLC opening. For this 
study, we name each of these configurations ‘MLC open 
field’. 

The detectors used for the investigation were a PTW 
34001 Roos plane-parallel ionization chamber and a cylin-
drical ionization chamber PTW type 31002. Some charac-
teristics of these ionization chambers are summarized in 
Table 1. 
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Table 1 Characteristics of ionization chambers 

Chamber PTW-31002 
(cylinder IC) 

PTW  34001 
(Roos chamber) 

Inner ø 5.5 mm - 
Length 7.5 mm - 
Chamber: ø - 15.0 mm 
Cavity volume 0.125 cm3 0.35 cm3 

Following recommendations of the IAEA TRS-398 code 
of practice [3], the effective point of measurement for the 
cylindrical ionization chamber was taken at 2 mm upstream 
from the chamber center. For the Roos chamber, the effec-
tive point of measurement was taken at 1.1 mm below the 
front surface of the chamber. 

A comparison of the experimental data with Monte Carlo 
depth dose curves reported in an earlier investigation by 
Zarza Moreno et al [1] was also performed. This work was 
carried out with the BEAMnrc [4, 5] code and it involved a 
head simulation where the MLC geometry was fully mod-
eled with the component module DYNVMLC [6] and the 
voxel sizes were chosen in order to be able to calculate 
accurately the surface dose [7]. 

III. RESULTS AND DISCUSSION 

Figures 1-3 present the comparison of measured PDIs for 
2x2, 4x4 and 10x10 cm2 fields (MLC defined field size) and 
the respective MLC open field. Figures show values meas-
ured with both ionization chambers, cylindrical (top) and 
Ross parallel plate (bottom), for each field size studied. For 
all cases, we do not see significant (~0.3 %) differences 
between the build-up dose values measured including MLC 
and those values measured for the MLC open field.  

According with the specification of the Roos chamber, 
this chamber is suited for the measurement of high-energy 
photon depth dose curves up to 2.5 mm below the water 
surface. That could explain the observed flat behaviour of 
the presented bottom curves (Figures 1–3) for depths 
smaller than 0.20 cm. Also, it must be taken into account 
that the Roos chamber may have a perturbing effect at 
smaller field sizes (2 x 2 cm2) due its large radius. 

For the PTW 31002 cylindrical IC, the observed MLC 
effect is roughly the same obtained for the Roos chamber. 

At shallow depths (from the surface down to 0.25 cm), 
differences of about 0.6 % were found for both ionization 
chambers. However, due to, at these depths, half of the 
active volume of the used chambers is outside the water 
phantom, it cannot be concluded that these differences are 
caused by the MLC contribution. 

Figures 4(a)-(b) present the measured PDIs and previous 
MC calculated PDIs for the three investigated MLC defined 
fields. For all cases, the measured PDIs differ from the 
calculated PDIs and this difference depends on the measur-
ing chamber type. 

It can be seen that the MC PDDs match the Roos meas-
urements within ~ 1 % for depths larger than 2 mm for the 
largest field size (10 x 10 cm2). For the 2 x 2 cm2 field size, 
a difference of about 2 % was found.  

PDIs acquired with the cylindrical chamber over-
responds MC PDIs by about 4 % for depths larger than 2 
mm and for all field sizes.  
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Fig. 1 Measured PDIs in the dose build-up region in water with a PTW 
31002 cylindrical IC (top) as well as a Roos parallel-plate ionization cham-
ber (bottom) for a 10 x 10 cm2 MLC defined field and the respective MLC 
open field 
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Fig. 2 Measured PDIs in the dose build-up region in water with a PTW 
31002 cylindrical IC (top) as well as a Roos parallel-plate ionization cham-
ber (bottom) for a 4 x 4 cm2 MLC defined field and the respective MLC 
open field 
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Fig. 3 Measured PDIs in the dose build-up region in water with a PTW 
31002 cylindrical IC (top) as well as a Roos parallel-plate ionization cham-
ber (bottom) for a 2 x 2 cm2 MLC defined field and the respective MLC 
open field 
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Fig. 4 Measured PDIs in the dose build-up region in water with a PTW 
31002 cylindrical IC (solid red line) as well as a Roos parallel-plate ioniza-
tion chamber (dashed blue line) for 10 x 10 cm2 (a), 4 x 4 cm2 (b) and 2 x 2 
cm2 (c) MLC defined fields, at 95 cm SSD for 6 MV photon beam, com-
pared with MC calculated PDDs 

 
 

IV. CONCLUSIONS  

The effect of the MLC on the build-up region dose has 
been investigated using two different ionization chambers. 

Our dose values measured with a Roos chamber are in 
agreement within 2 % with previous MC values for all MLC 
field sizes and depths larger than 2 mm. We observed dif-
ferences of about 4% between the values measured with a 
cylindrical ionization chamber and previous calculated MC 
values. A negligible effect (less than 1%) of the MLC on 
build-up dose was observed for all MLC field sizes studied 
in this work.  

Our measurements cannot predict the MC calculated sur-
face dose values. For this reason, we could not reproduce 
experimentally the overall MLC effect on the build-up re-
gion calculated in the previous reported work (2% for  2x2 
cm2 and 1% for 10x10 cm2 field size) [1].  

Further studies are planned in order to better assess the 
MLC effect on the build-up region.  
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I. INTRODUCTION 

Following the general trends of modern dosimetry the 
quantity absorbed dose in water is the one mostly needed in 
clinical practice. A few attempts have been reported to 
establish this quantity for HDR brachytherapy and potential 
good results of two novel techniques have been reported, 
firstly by Sarfehnia et al (2007) using a water based 
calorimeter and secondly by Austerlitz et al (2008) both 
with uncertainties still high, 5% and 8% respectively and 
deAlmeida et al (2008) with  uncertainties smaller than 3% 
both using ferrous sulphate-Fricke dosimeter. 

Fricke dosimetry is by defintion regarded as an absolute 
method for measuring the quantity absorbed dose in water. 
Fricke dosimetry, ionization chambers and both water and 
graphite calorimetry have formed a coherent dosimetry 
system of standards of absorbed dose to water as clearly 
described in the IAEA Code of Practice TRS#398 (2000). 

We are investigating to feasibility to establish Fricke 
dosimetry as standard for the dosimetry of HDR clinical 
sources in water. This paper demonstrate the potential 
usefulness of extending this technique for such 
standardization. 

II. MATERIAL AND METHOD 

A molded double walled spherical balloon was made 
with 5.540 cm of outer and 4.500 cm inner diameters 
intercalated by a shell of 0.293 cm fitted with a 0.106 cm 
sleeve all made of PMMA. The FeSo4 solution was made of 
0.392 g of ferrous ammonium sulphate, 0.060 g of sodium 
chloride and 22 ml of sulphuric acid. The center of the 
balloon is filled with water, the shell is filled with FeSo4 
solution and the whole balloon is placed in a water phantom 
with 30x30x30 cm3. Five balloons were casted in two 
halves and glued. One of the balloons was left in parts in  
 

order to have all dimensions measured with a traceable 
micrometer.  

Measurements were conducted using the Nucletron 
microSelectron-HDR 192 Ir source previously calibrated by 
a well type chamber traceable to the UW-ADCL and the 
Nucletron TPS was used to calculate the nominal dose. 

The irradiated solutions were transferred from the 
balloon to a quartz cuvette with a 1.00 cm light path length 
and the optical densities measured using a Micronal 
spectrophotometer  at 304 nm UV light.  

III. RESULTS 

As result of the Monte Carlo (PENELOPE) calculations 
performed, dividing the balloon in 36 sectors, the source 
anisotropy in the 2 sectors above and below values varied 
from 3% to 10 % . The calculated values for the wall 
attenuation have introduced a correction smaller than 0.5%. 

The overall uncertainties that includes the ones 
calculated by Monte Carlo as well as the ones related to the 
vessel dimensions, wall thicknesses, dose calculation 
algorithm, UV light band, cuvettes light path,signal fading, 
distance source solution, dose rate constant, timing, signal 
fading  repetibility of reader, G value, the source transit 
time, the effect of the PMMA in the solution,  and 
temperature measurement of the solution during irradiation 
and readings are smaller than  2.5 %.  

IV. CONCLUSION 

Chemical dosimetry using standard FeSO4 solution in a 
containing vessel with uniform geometry relative to the 
source has shown to be a feasible absorbed dose standard 
for HDR 192Ir source. Improvements are now on the way 
with the re-measuring the G values using ionometric 
system. 
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Fig. 1 a). Schematic diagram of the device. b). Irradiating vessel Geometry simulation used for PENELOPE calculations 
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Monoscopic Imaging for Intra-fraction Motion Management  
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Abstract —Purpose:  Image-guidance allows for accurate 
positioning of spinal radiosurgery patients; however, due to 
long treatment times an accurate and efficient intra-fraction 
motion management is necessary.  An analysis tool, Snap Veri-
fication (SV, BrainLAB AG, Feldkirchen, Germany) has been 
implemented to monitor intra-fraction motion based on single 
oblique digital radiographs.  We investigate the feasibility of 
the method in a clinical setting and its performance in detect-
ing spinal radiosurgery patient movements in 3D space. 

Materials and Methods: Intra-fraction motion for initial 
group of patients was monitored using stereoscopic kV X-ray 
images obtained before each treatment beam or arc.  The 
reference intra-fraction translations and rotations were quan-
tified based on 6D fusion using 2D-3D registration algorithm.  
Then, 2D-2D analysis tool was applied to fuse individual 2D 
images to the corresponding DRRs, each time assuming the 
complementary image was not obtained. The results of 2D-3D 
(stereoscopic) and 2D-2D (monoscopic) methods were com-
pared.  For this initial investigation, the analysis was applied to 
82 X-ray images. 

Results:  The differences between monoscopic and stereo-
scopic estimates of translations were less than 1.0mm.  To 
further assess the performance of SV, contingency tables were 
analyzed.  For detecting 1.5mm movement, single image analy-
sis with 1.2mm threshold maximizes Youden Index.  Further-
more, when monoscopic threshold is set to 1.2mm with the goal 
of detecting 1.5mm or larger 3D movements, the following 
results are observed – sensitivity 89%, specificity 79%, positive 
predictive value 59% and negative predictive value 95%. 

Conclusions:  Monoscopic imaging is suitable for intra-
fraction motion detection.  Appropriate thresholds should be 
utilized for acceptable rate of false positive and false negative 
predictions.  For 1.5mm 3D movement detection 1.2mm 2D 
analysis threshold results to greater than 95% negative predic-
tive value.  Large scale study has been initiated for better 
understanding the performance of the method to detect intra-
fraction patient motion. 

Keywords —IGRT, monoscopic, stereoscopic, imaging. 

I. INTRODUCTION  

Image-guided frameless extracranial radiosurgery has 
become an established treatment option; however, without a 
frame to restrict patient movements, intrafraction field mis-
positioning becomes more probable.  

Image guidance using either implanted radiopaque fidu-
cials in the vertebrae or direct imaging of bony anatomy has 

been used to localize spinal radiosurgery patient treatments 
[1,2].  While the stereotactic radiosurgery frame performs 
both immobilization and localization, frameless image-
guided techniques require ancillary immobilization. This is 
generally accomplished using moldable patient cushions; 
however, spinal anatomy may still move more than 3 mm 
during radiosurgery delivery [3,4]. 

Accurate positioning and intra-fraction motion manage-
ment has become possible with variety of image guidance 
methods, including application of oblique stereoscopic 2D 
digital radiographs (Novalis Body, BrainLAB AG, Feld-
kirchen, Germany).  Obtaining two image sets is not always 
possible due to linear accelerator blocking the imaging path.  
An analysis tool, Snap Verification (SV), has been imple-
mented to monitor intra-fraction motion based on a single 
monoscopic oblique radiograph and to streamline the proc-
ess. We investigate the feasibility of the method in a clinical 
setting and the performance of the method in detecting 
spinal radiosurgery patient movements in 3D space. 

II. MATERIALS AND METHODS 

Intra-fraction motion for an initial group of patients was 
monitored via stereoscopic kV X-ray images obtained be-
fore each treatment beam or arc.  The initial patient setup 
was corrected if the calculated patient movement exceeded 
a limit of 1.0 mm.  The reference intra-fraction translations 
and rotations were quantified based on 6D fusion where two 
2D images are fused with dynamically generated DRRs 
from the reference planning CT.  The 6D fusion is achieved 
using 2D-3D registration algorithm. The process proceeds 
in stages and can be outlined as follows. 

In the initial stage, a rough estimate of translations is de-
termined via 2D-2D registration between DRRs and the 
planar kV images.  For one kV image the corresponding 
DRR is generated and registered in two dimensions by 
maximizing a similarity index.  This optimizes two transla-
tional degrees of freedom in the plane of the first kV image.  
The third translational degree of freedom is optimized using 
the second kV planar image with the DRR corresponding to 
its projection.  During this first stage of registration only 
translational corrections are considered. 

The second stage of the 6D image fusion refines the es-
timate of translational correction and additionally includes 
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rotational degrees of freedom.  In this stage DRRs are itera-
tively generated with translations and rotations for each 
projection and compared with respect to the gradient corre-
lation.  This progresses in stages with each subsequent stage 
generating higher resolution DRRs and smaller translations 
and rotations. 

Once the reference intra-fraction translations and rota-
tions were quantified based on 6D fusion, the Snap Verifi-
cation analysis tool was applied to fuse each individual 2D 
images to the corresponding DRR from the planning CT, 
simulating Snap Verification process, each time assuming 
the complementary pair was not obtained. 

The underlying premise is to investigate whether 2D tar-
get displacements could be used to predict the probability 
for large 3D patient movements.  For this purpose, the re-
sults of 2D-3D (stereoscopic) and 2D-2D (monoscopic) 
methods were compared with respect to target displacement 
magnitudes.  The analysis was applied to 82 X-ray images 
obtained from spinal radiosurgery patients who had stereo-
scopic kV X-ray images obtained before each treatment 
beam or arc. 

III. RESULTS 

The differences between monoscopic and stereoscopic 
estimates were less than 1.0mm for this group of patients 
with an exception of set-up images (see Figure 1).  The 
setup images do not quantify patient motion but rather they 
quantify the accuracy of initial positioning, infrared marker 
method in this case.  Snap Verification is not intended to be 
used before initial set-up corrections.  We therefore ex-
cluded the corresponding data from further analysis. 

Difference of deviations
detected by SnapVerification and 6D fusion 
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Fig. 1 Histogram of the differences of deviations detected by monoscopic 
and stereoscopic methods (SV and 6D fusion).  Gray – all data, Green – 
without setup images and orange – without setup and without cervical 
images 

Auto-registration failed for some of the images of cervi-
cal spine patient.  These were due to distinct rotations of 
this flexible part of the spine.  However, the underlying 
discrepancies were visually recognizable using image over-
lays.  Moreover, auto-registration failure of monoscopic 
images prompts further investigation before proceeding, 
usually in the form of steroscpoic imaging and evaluation; 
hence, does not directly compromise patient care.   

In our analysis, we distinguished between two groups: all 
patients and non-cervical spine patients.  Considering Snap 
Verification as a test or flag for intolerable deviation, we 
have analyzed contingency tables. They depend on two 
thresholds that we varied: the threshold for the reference 
value that determines if a deviation is considered to be un-
acceptable and the threshold for the Snap Verification value 
that determines if the Snap Verification result has to be 
considered  positive (deviation is unacceptable) or negative 
(deviation is acceptable). 

We have also analyzed the data from contingency tables 
using receiver-operating-characteristic curves (Fig. 2 a, b) 
and calculating the Youden index (Fig. 3 a, b). 
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Fig. 2 Receiver-Operating-Characteristic derived from contingency tables 
for data (a) excluding set-up and (b) excluding set-up as well as cervical 
spine. Different lines represent different 6D threshold curves 
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Fig. 3 Youden index derived from contingency tables for data (a) exclud-
ing set-up images and (b) excluding set-up as well as cervical spine.  
Different lines represent different 6D threshold curves 

We also derived values for sensitivity, specifity, positive 
and negative predictive values from contingency tables. For 
the optimal Snap Verification threshold derived from the 
Youlden index, the corresponding values are presented in 
Table 1. 

Table 1 Characteristics of Snap Verification method 

 W/o Set-up images W/o Set-up 
W/o Cervical 

6D threshold 1.0 mm 1.5 mm 1.0 mm 1.5 mm 

Snap 
threshold 0.9 mm 1.2 mm 0.8 mm 1.2 mm 

Sensitivity 0.861 0.888 0.928 0.833 

Specifity 0.735 0.788 0.666 0.847 

Positive 
predictive value 0.775 0.592 0.722 0.588 

Negative 
predictive value 0.833 0.953 0.909 0.951 

For detecting 1.5mm movement, single image analysis 
with 1.2mm threshold maximizes Youden Index.  Further-
more, when the monoscopic threshold is set to 1.2mm with 
the goal of detecting 1.5mm or larger 3D movements, the 
following results are observed – sensitivity 89%, specificity 
79%, positive predictive value 59% and negative predictive 
value 95%. 

IV. CONCLUSIONS  

Monoscopic imaging is suitable for the purposes of intra-
fraction motion management; however, if appropriate thre-
sholds are not utilized the rate of false positive predictions 
and more importantly the rate of false negative predictions 
may be significant.  Lowering the threshold of the mono-
scopic analysis will lower the number of false negative 
predictions at the expense of increased false positive predic-
tions.  False positive predictions may be ruled out with 
stereoscopic imaging.  However, decreased number of false 
negative predictions will further improve the treatment 
accuracy.  Large scale study is initiated to better understand 
the performance of the monoscopic method in detecting 
intra-fraction patient motion. 
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Abstract—Step-and-shoot IMRT usually involves the deliv-
ery of beam segments of small size and few monitor units. 
These conditions differ from the ones used during machine 
commissioning and quality control procedures. The purpose of 
the work was to investigate the start up behavior of a PRIMUS 
linear accelerator and “film” the first beam on seconds. We 
used a Scanditronix Wellhöfer I’mRT MatriXXTM 2D array 
with a acquisition sampling time of 50 ms. We compared nor-
mal treatment mode to IMRT mode and the results showed 
that the start up is identical for both modes. The observed 
behaviour was different for 6 MV and 18 MV and could be 
related to previous dose per monitor unit results we had. This 
evaluation of the clinac first seconds performance is useful to 
identify the minimum MU to use in IMRT segments. 

Keywords—IMRT, Step-and-Shoot, small MU, start-up. 

I. INTRODUCTION  

Step-and-shoot IMRT usually involves the delivery of 
beam segments of small size and few monitor units (MU). 
These conditions differ from the ones used during machine 
commissioning and quality control procedures when usually 
an average of several readings is used and transient effects 
are eliminated.1-6 

The study, done in our department, of the beam charac-
teristics in terms of dose linearity with monitor unit, flatness 
and symmetry of a Siemens PRIMUS linear accelerator, 
both in normal and step-and-shoot IMRT mode of treat-
ment, showed differences in dose output per monitor unit 
that dramatically increase when the number of MU goes 
below 4 MU. The purpose of this work was to go deeper on 
the study of the linac performance by “filming” the dose 
output through out the entire beam on time for a series of 
different conditions. 

The Siemens PRIMUS linac has a graphical interface 
called PRIMEVIEW that, together with a SIMTEC IM-
MAXX sequencer, allow the fast delivery of intensity 
modulated beams in the form of an automatic sequence of 
beam segments. Between each segment, the radiation beam 
is turned off while the multi-leaf collimator (MLC) leaves 
move to the shape of the next segment. This mechanism of 
beam switching is different from normal irradiation mode.6-9 

Intensity modulated beams can be created directly on the 
treatment planning system or created in PRIMEVIEW by 

grouping different fields in a special mode called IM 
groups. 

II. METHODS AND MATERIALS 

A Siemens PRIMUS dual energy linear accelerator pro-
ducing 6 and 18 MV x-rays and equipped with MLC (model 
OPTIFOCUS 82 with 41 pairs of leaves) was used in the 
present work. The normal dose rate is 300 MU/min for 6 
MV and 500 MU/min for 18 MV. 

The measurements were done using a Scanditronix Well-
höfer I’mRT MatriXXTM 2D array. For build-up and back-
scatter material we used solid water plates (RW3 from 
PTW). The measurement set-up used is shown in Figure 1.  

 
 

 
Fig. 1 2D array measurement setup 

This 2D array has an acquisition mode called “Movie 
Measurement” during which it continuously performs 
measurements, each single shot being saved at a chosen 
sampling time. Afterwards it is possible to look at any sin-
gle shot or at an integration of all shots. It is also possible to 
play it like a movie. The chosen sampling time of 50 ms 
was due to a limitation in the total number of snapshots 

All measurements were repeated both in the linac “nor-
mal” functioning mode and IMRT mode. For normal mode 
we used a simple square 10x10 cm2 field with variable 
number of monitor units. For testing IMRT mode we cre-
ated an IM group with a set of 5 square 10x10 cm2 beam 
segments delivered in sequence as IMRT segments. 

We acquired “films” for 1-10, 12, 15, 20, 50 and 100 
MU, using the 2D array with a sampling time of 50 ms. 
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The results were analyzed in terms of relative dose rate 
normalized to the average output of 100 MU. 

III. RESULTS AND DISCUSSION 

A. 6 MV Performance 

The results of dose output with time for 6 MV are pre-
sented on Figure 2. For better perception the graphic only 
shows the curves for normal mode with 3, 5, 8, 10 and 100 
MU. The results showed that the start up is identical for 
IMRT. 
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Fig. 2 Variation of 6 MV relative dose output with time for different MU 
values 

We could see that all MU have the same behavior and 
that for more than 10 MU the dose output exhibits three 
stages.  

The increase in output seen for 5 and 6 MU reflects in the 
correspondent dose per monitor unit as seen in Figure  4 
were results from a previous study are presented. 

B. 18 MV Performance 

The results of dose output with time for 18 MV are pre-
sented on Figure 3. Also, for better perception the graphic 
only shows the normal mode curves for 3, 5, 8, 10 and 100 
MU. The results showed that the start up is identical for 
IMRT. 

For 18 MV the behavior of the output is different as it 
exhibit only two stages, which is in accordance with pub-
lished results.2  

By looking at Figure 4 we can confirm that startup be-
havior reflects into the dose per MU. Stabilization occurs 
only for more than 8 MU. 
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Fig. 3 Variation of 18MV relative dose output with time for different MU 
values 
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Fig. 4 Variation in dose output per monitor unit for 6 MV and 18 MV 
beams in normal and IMRT mode (results from a previous study). The 
reference value is 1 cGy / MU corresponding to the 100 MU normal    
mode value 

IV. CONCLUSIONS  

The observed behaviour was different for 6 MV and 18 
MV and could be related to previous dose per monitor unit 
results we had. We confirmed that the startup behavior 
reflects into the dose per MU and the stabilization occurs 
only after around 2 seconds for 6MV and 1,5 seconds for 18 
MV, corresponding approximately to 8 MU.  

This evaluation of the clinac first few seconds perform-
ance is useful to identify the minimum MU to use in IMRT 
segments. 

Further investigations will be conducted to check the li-
nac behaviour with time and, together with the maintenance 
engineer, we will to look for parameters that can be adjusted 
to improve our results. We will also try to share this results 
with other Siemens users. 



1062 A.R. Figueira et al.

 

  
 IFMBE Proceedings Vol. 25  

 

REFERENCES  

1. R. J. Barish, R. C. Fleischman, and Y. M. Pipman (1987), ‘‘Telether-
apy beam characteristics: The first second,’’ Med. Phys. 14, 657–661  

2. R. Rajapakshe, S. Shalev (1996), Output stability of a linear accelerator 
during the first three seconds, Med. Phys. Volume 23, Issue 4, pp. 517-
519 

3. M. Buchgeister and F. Nusslin (1998), Startup performance of wave 
linear accelerator, Med. Phys. 25(4) 

4. C.-W. Cheng, I. J. Das (2002) Comparasion of beam characteristics in 
intensity modulated radiation therapy (IMRT) and those under normal 
treatment condition, Med. Phys. 29 (2) February: 226-230. 

5. P. Reena, S. Dayananda, Rajeshri Pai, S. V. Jamema, Tejpal Gupta, D. 
Deepak, S. Rajeev (2006) Performance characterization of Siemens 
Primus linear accelerator under small monitor unit and small segments 
for the implementation of step-and-shoot intensity-modulated radio-
therapy,  Journal of Medical Physics, Vol.31, No.4: 269-274. 

6. Janhavi R. Bhangle, V. K. Sathiya Narayanan, Shrikant A. Deshpande 
(2008), Dose linearity and uniformity of Siemens Oncor impression 
plus linear accelerator designed for step-and-shoot intensity-modulated 
radiation therapy,  Journal of Medical Physics, Vol.32, No.3: 103-107. 

7. Siemens (2008) Manual: Digital Linear Accelerator – Physics Primer 
8. Siemens (2005) Manual: PRIMUS & PRIMUSplus Linear Accelerator 

– User Manual, Revision H – 2/05 
9. Siemens (2005) Manual: PRIMEVIEW 3i – User Manual , Revision C 

– 2/05 

Author: Ana Rita Figueira  
Institute: Hospital S. João, EPE 
Street: Alameda Prof. Hernani Monteiro 
City: Porto 
Country: Portugal 

   Email:     fisica.medica@hsjoao.min-saude.pt 

 



O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/I, pp. 1063–1066, 2009. 
www.springerlink.com 

Accelerated Dose Calculation Engine for Interstitial Brachytherapy 

Omar Chibani1, Belal Moftah2, and C.-M. Charlie Ma3 

1 King Faisal Specialist Hospital & Research Center, SA 
2 King Faisal Specialist Hospital & Research Center, SA 

3 Fox Chase Cancer Center, US 

Purpose: To present a new accelerated Monte Carlo code 
(MCPI: Monte Carlo for Prostate Implant) intended for use as a 
dose calculation engine for planning clinical prostate implants. 
MCPI simulates physically a set of radioactive seeds with arbitrary 
positions and orientations, merged in a 3D CT-based 
heterogeneous phantom representing the prostate and surrounding 
tissue. 

Material and Methods: MCPI uses a phase space data 
source-model to account for seed self-absorption and seed 
anisotropy. A “hybrid geometry” model (full 3D seed 
geometry merged in a 3D mesh of voxels) is developed for 
rigorous treatment of the interseed attenuation effect. MCPI 
is based upon the GEPTS general-purpose Monte Carlo 
code. Compton scattering, coherent scattering, and 
photoelectric effect (with emission of fluorescence X-rays) 
are modeled in detail, using the XCOM/EPDL97/NIST95 
cross-section data. MCPI is benchmarked against the 
MCNP5 code for the case of an idealized prostate implant, 
consisting of 83 103Pd (or 125I) seeds.  

Results: MCNP5 and MCPI are in excellent agreement. 
The average difference between the dose distributions from 
the two codes is less than 0.5% for both seed models. For a 
2×2×2-mm3 voxel mesh, MCPI calculates the 103Pd and 
125I prostate dose distributions with 2% average 
statistical uncertainty in 23 seconds using a single Intel 
Core2 processor. More than 30 minutes calculation time 
is required for MCNP5 to achieve the same statistical 
precision. MCPI is about 90 and 700 times faster than 
MCNP5 for 2 and 1-mm3 voxels, respectively. MCPI is 
used to quantify the effect of calcification on prostate 
DVH: 5% calcified volume decreases D100 by 58%. 

Conclusion: The use of multiprocessor parallel 
calculation can further increase the speed of MCPI and 
makes quasi-instantaneous dose calculations for prostate 
implant planning a reality. MCPI can be easily extended to 
handle other interstitial brachytherapy modalities (e.g. wire 
sources). 

 

I. INTRODUCTION 

The Monte Carlo technique has been used extensively for 
brachytherapy dosimetry. However, the use of this powerful 
radiation transport technique is usually limited to the 
calculation of dosimetric parameters of a single seed (dose 
rate constant and anisotropy function). In clinics, dose 
calculations for prostate implants (e.g. 103Pd and 125I) are 
almost universally performed by superposition of point 
source or line source dose kernels defined in the TG-43 
protocol. Our recent study1 on 125I and 103Pd implants 
showed large local differences (> 10%) between dose 
distributions based on Full Monte Carlo simulation (FMCS) 
where seeds are physically and simultaneously modeled, 
and TG-43 type superposition calculations. Variations in the 
composition of tissues in and around the implant  (not well 
quantified yet) may significantly affect the attenuation and 
scattering of low-energy photons (125I and 103Pd). FMCS of 
125I and 103Pd implants in our recent study was carried out 
using version 5 of the MCNP code with discretized prostate 
volume. Currently available codes such as MCNP and 
EGSnrc support FMCS but require computing times on the 
order of hours. For example, in our hands, MCNP5 required 
2.2 hours CPU time on a Intel Core2 PC to achieve 
statistical uncertainties of 1% for a 83-103Pd-seed prostate 
implant with 2×2×2 mm3 voxels. 

This presentation describes a new Monte Carlo code able 
to calculate in less than a minute (on a single processor) the 
prostate implant dose distribution with 2% average 
uncertainty in a 2-mm3 voxel mesh. The new code called 
MCPI (Monte Carlo for Prostate Implant) takes into account 
the internal seed structure, seed anisotropy, seed orientation, 
interseed attenuation effect, and heterogeneity of the 
medium. 

 



1064 O. Chibani, B. Moftah, and C.-M. Charlie Ma

 

  
 IFMBE Proceedings Vol. 25  

 

II. MATERIAL AND METHODS 

A. Physics of MCPI 

MCPI is based on the GEPTS (Gamma Electron and 
Positron Transport System) general-purpose code2. Photon 
transport includes shell-by-shell photoelectric effect with 
atomic relaxation, Compton scattering with electron binding 
effects and coherent scattering. Total photon cross data and 
mass-energy absorption coefficients are taken from the 
latest NIST databases. The atomic relaxation algorithm is 
based on EPDL97 data and includes sampling of 
fluorescence X-rays after ionization of K, L1, L2 or L3 
atomic shells. 

B. Phase Space Data (PSD) 

For each seed model, GEPTS is used to score the energy, 
position and angular direction of photons emerging from the 
outer surface of the seed placed in vacuum. GEPTS 
accounts for the exact structure and composition of the seed. 
Two PSD files to be used by MCPI, with 4 106 particles 
each, are generated for 125I (Symmetra) and 103Pd 
(Theragenics model 200) seeds. 

C. Hybrid Geometry 

Patient anatomy is described as a rectangular mesh of 
non-uniformly spaced rectangular voxels, which can be 
assigned different media and densities. Larger-size voxels 
are used in locations outside the target volume, contributing 
to the scatter and where high-resolution dose calculation is 
not required. Although the presence of seeds can be ignored 
when using the PSD source model3, MCPI  physically 
models the entire set of seeds using a hybrid geometry 
approach (voxels + seeds), to rigorously account for the 
interseed effect. First, the code identifies the seed(s) filling 
partially or totally each voxel. The fraction of the voxel 
volume occupied by the seed(s) vs. the fraction filled by 
tissue is calculated. MCPI uses ray-tracing to efficiently 
score the average dose in each voxel (tracklength 
estimator). Therefore, the sequence of photon paths in 
different media across traversed voxels and seeds must be 
determined for each primary (from PSD file) or secondary 
photon. The code first performs ray-tracing across the voxel 
grid, and then for each traversed voxel identifies whether or 
not intersection with seed(s) takes place. If the “ray” 
intersects a seed, a routine is called to calculate the 
sequence of paths across the different components of the 
seed. To make ray-tracing faster and easier, the entire seed 
structure is discretized taking advantage of its cylindrical 
symmetry: seeds are modeled using concentric cylinders 

truncated by perpendicular planes. Seeds may be assigned 
different orientations. Unlike MCNP5, MCPI inquires only 
about those seeds included partially or totally in the ray-
traced voxel, and therefore speeds up significantly the 
photon transport simulation. 

D. Other Features of MCPI 

The dose distribution is normalized to the proper volume 
fraction of tissue in each voxel. The statistical uncertainty 
(defined locally) is calculated using an exact history-by-
history variance-scoring scheme. Therefore, the variance on 
the dose value in a voxel must be updated at the end of each 
history. To save time, the program updates variance scores 
for only those voxels being ray-traced during the current 
history. Buffer files are used to reduce disk access time 
when reading from the PSD file. Uniform logarithmic 
energy grid is used for fast on-the-flight interpolation of 
cross section data. 

III. RESULTS 

MCPI is used to calculate the dose distributions from an 
idealized implant consisting of 83 103Pd  (or 125I) seeds with 
7-mm uniform spacing. A 36.5-cm3 ellipsoid-like prostate is 
used. The prostate volume and surrounding tissue (all water 
made) are discretized using 2×2×2 mm3 voxels. 
Comparisons are done with predictions of MCNP5 with its 
fastest dose estimator (F4 tracklength estimator). 

A. Accuracy of MCPI 

Fig.1 shows the energy spectrum of photons emerging 
from the Symmetra 125I seed. Comparison between GEPTS 
(used to generate the Phase Space Data file) and MCNP5 
shows a very good agreement. Only 46.9% (64.5% for 125I) 
of particles generated in the core of the seed reach the outer 
surface. The PSD source model saves a significant amount 
of time in comparison with MCNP5 (initial particles are 
generated in the core of the seeds). Fig.2 shows the 
idealized implant. Comparison between MCPI and MCNP5 
for 103Pd (Fig. 3) shows almost no statistically significant 
differences (black dots). The average local dose difference 
is: 0.49% for 103Pd (with 2.1% maximum). To quantify the 
effect of interseed attenuation on prostate DVH, MCPI is 
run with real seeds versus “water-made seeds” (Fig. 4). For 
both seed models, D90 is arbitrarily normalized to 100 Gy. 
The effect of calcification on prostate DVH (125I implant) is 
shown in Fig. 5. 
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Fig. 2 Idealized Implant 

 

Fig. 3 CPI vs. MCNP5(Pd-103) 

B. Calculation Speed of MCPI 

MCPI simulates 3,320,000 primary photons (40,000 
PSD particles for each seed) in 51 seconds using a single 
Intel Core2 processor. The average statistical uncertainty 
on the dose distribution in the prostate for 103Pd is 1.35% 
(maximum = 1.95%). Using MCNP5, the same statistical 
precision is achieved by running 9,500,000 source  
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Fig. 5 125I Post-plan 

Table 1 Figure of Merit (speed performance)   using a single Intel Core2 
processor 

            103Pd 125I 

Voxel Size 2-mm3 1-mm3 2-mm3 1-mm3 

MCPI 6.55 10-1  7.28 10-2  6.27 10-1 6.21 10-2

MCNP5 7.39 10-3 1.01 10-4 6.38 10-3 8.73 10-5

RATIO 88 720 92 711 

particles, which takes about 1.3 hour. MCPI and MCNP5 
speed performances are compared in terms of their Figure 
Of Merit (FOM) in Table I. FOM = 1/[T*ε2] where T is the 
calculation time (minutes) and ε the average percent 
statistical uncertainty. Results for 103Pd and 125I implants 
with 1 and 2-mm3 voxels are given. 

IV. CONCLUSION 

MCPI is a Fast Monte Carlo dose calculation tool 
capable of calculating in less than a minute the dose 
distribution of typical prostate implants with 2 % average 
statistical uncertainty. MCPI accounts for the seed internal 
structure, seed anisotropy, interseed attenuation, seed 
orientation and heterogeneity of the medium. MCPI can be 
used as dose calculation engine for real-time prostate 
implant treatment planning. The use of parallel processing 
(e.g. 10 nodes) can make MCPI a quasi-instantaneous 
dose calculation engine. 
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Updated Beam Parameters for Monte Carlo Simulation of Five Varian Megavoltage 
Photon Beams (4, 6, 10, 15 and 18 MV) 

 
Abstract––Significant discrepancies between Monte Carlo 

dose calculations and measurements for the Varian 18 MV 
photon beam with a large field size (40 × 40 cm2) were 
reported by different investigators. Chibani and Ma used the 
GEPTS Monte Carlo code to investigate these discrepancies. 
They suggested that geometrical data used to model the linac 
head, and more precisely the primary collimator, are 
inaccurate. Their findings were later confirmed by the 
manufacturer: the primary collimator entrance and exit radii 
are 2 mm larger than expected. More recently, the 
manufacturer made available new detailed drawings for (i) the 
tungsten and lead shielding components located between  
the monitor chamber and the Y jaws, (ii) the mirror frame and 
the (iii) tungsten base plate located downstream of the X jaws. 
The purpose of this study is to investigate the impact of more 
precise linac head geometry on dose distributions and also to 
extend the results we obtained for the 18 MV photon beam 
(Med. Phys. Vol. 34 2007 p.1206) to other energies: 4, 6, 10, 
and 15 MV. Contrary to most publications, the beam 
parameters (energy spectrum and lateral intensity distribution 
of primary electrons) are checked for a wide range of field 
sizes (2x2 cm2 to 40x40 cm2), not only for 10x10 cm2. Our 
preliminary results show that beam models can be tuned to 
mach measured depth dose and dose profile distributions 
within 1% difference for any depth larger than 1 cm. Monte 
Carlo simulation of the ionization chamber response shows 
that difference between calculated and measured percent 
depth ionizations can be reduced to less than 3% even at zero 
depth where half of the ionization chamber is outside the 
phantom. 

I. INTRODUCTION 

Significant discrepancies between Monte Carlo-based 
dose calculations and measurements using a 6-mm-diameter 
ionization chamber were reported for Varian megavoltage 
photon beams with large field sizes. The BEAM/DOSXYZ 
predictions for the Varian 2100EX 18 MV beam with 40 cm 
× 40 cm open field are 15% and 6% lower than 
measurements at 0.1 and 1-cm depths, respectively [1]. 
Using the Gamma Electron Positron Transport System 
(GEPTS), Chibani and Ma [2] clearly identified the source 
of discrepancy as an underestimate of electron 
contamination due to two factors: (a) Inaccurate primary 
collimator dimensions and (b) Neglect of lateral shielding 
effects. 

II. THE GEPTS CODE 

The GEPTS photon transport algorithm includes the 
photoelectric effect, coherent scattering, Compton scattering 
with electron binding effects, and pair production in nuclear 
and electronic fields. The GEPTS atomic relaxation model 
is based on the EPDL97 photon data library. Total photon 
cross section data from the XCOM library are used. 
Electron and positron non-radiative collisions involving 
energy transfers larger than a threshold value δ (= 10 keV) 
are simulated individually. The GEPTS electron (or 
positron) multiple scattering distributions are analytic fits of 
the Goudsmit and Saunderson distributions based on PWA 
(Partial Wave Analysis) electron-atom elastic cross 
sections. The bremsstrahlung emissions in nuclear and 
electronic fields are modeled separately. The 
bremsstrahlung cross sections are re-normalized to match 
ICRU radiative stopping powers. GEPTS simulates the two-
photon electron-positron annihilation. The GEPTS electron 
transport algorithm includes lateral displacements and uses 
an appropriate strategy to transport electrons (or positrons) 
across boundaries: the electron pathlength near boundaries 
is determined in such a way the error on the lateral 
displacement (due to truncating the electron path) is 
negligible. The GEPTS code was extensively benchmarked 
against measurements, and compared to other Monte Carlo 
codes [3]. 

III. PRESENT CALCULATIONS 

The published results for the 18 MV Varian photon beam 
(40x40cm2) [2] were based on an approximated model for 
the shielding located between the monitor chamber and the 
Y-jaws. The shielding was assumed to be made of lead and 
having a simple conical shape with 14 degrees opening 
angle. More recent drawings made available by Varian 
Medical System [3] show that the shielding has a more 
complicated shape and includes both tungsten and lead 
plates. Multiple rectangular frames (similar to electron 
beam applicators) are now used to model the shielding. A 
base plate (between jaws and MLCs) made of steel, 
including tungsten inserts to clip the field corners, is also 
included in the updated Varian photon beam models. In 
addition to the 18 MV photon beam, Monte Carlo beam 
simulations are now extended to 4, 6, 10 and 15 MV beams. 
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For each energy, the beam parameters are tuned by 
comparing measured and calculated dose distributions in 
water phantom for a wide range of field sizes (from 2x2 to 
40x40 cm2). The measurements are performed using 6-mm-
diameter thimble ionization chamber. For 2x2 cm2 field 
sizes a 3-mm-diamter pinpoint ionization chamber is used. 
A PTW scanner is used to get percent depth doses and dose 
profiles at different depths. Before comparisons, the 
measured ionization curves are converted to dose by 
applying: (i) the water-to-air stopping power ratio 
correction and (ii) Shift of the effective measurement point 
according to TG-51 dosimetry protocol. 

IV. RESULTS 

For the 18 MV beam, the dose distribution based on the 
updated shielding model is found to be within the percent 
with published results in 2007 [2]. Therefore, the conical 
approximation for the shielding is found to be acceptable. 
Our 18 MV beam model gives also very good results with 
smaller field sizes (Fig. 1-3).  Similarly, dose calculations 
for the 4, 6, 10 and 15 MV beams are within the percent 
with measurements for any depth larger than 1-cm. See 

Figs. 4-9. The fitting parameters for the five energies are 
summarized in Table 1. Table 2 includes percent 
contribution of each linac component to photon and electron 
fluences at isocenter for the 18 MV (40x40 cm2) beam. 
More than 82% of photons reaching the phantom come 
directly from the target. The second highest photon 
producer is the flattening filter (10.9%). For electrons 
almost 50% of electron contamination are originating from 
the flattening filter while the second and third electron 
contributors are the air gap (between linac and phantom) 
and the W/Pb shields with 17.3% and 15.2%, respectively. 
Therefore, ignoring shields for large field sized can lead to a 
significant underestimate of electron contamination and by 
the way surface dose. Fig 10 shows direct comparisons 
between simulated and calculated ionization chamber (IC-
10) responses for the 18 and 6 MV open fields and the 18 
MV 2-mm-Pb filtered field. The full Monte Carlo 
simulation of the ionization chamber structure (wall, 
electrode, air cavity and stem) greatly improves the 
agreement between calculations and measurements at 
shallow depth (< 1 cm) since approximate corrections 
needed to convert ionization into dose in water are no 
longer used. 

Table 1 Beam Parameters of the Primary Electron Beam hitting the Target 

Nominal Energy Average Spectrum Energy
(MeV) 

Energy Spectrum FWHM 
(MeV) 

Beam Radius 
(mm) 

4 MV 4.3 0.2 0.7 
6 MV 5.7 0.2 1.0 

10 MV 10.5 0.2 0.5 
15 MV 15.0 0.1 0.7 
18 MV 18.0 0.5 0.7 

Table 2 Absolute contributions (number of particles per 106 primary electrons) of the Varian 2100EX linac components (18 MV, 40 × 40 cm2) to the photon 
and electron fluences at the phantom surface (SSD = 100 cm) within a 4 × 4-cm2 window centered on the beam axis 

           Photons Electrons 

Components Contribution 
(%) 

Average Energy 
(MeV) 

Contribution 
(%) 

Average Energy 
(MeV) 

Target 82.5 4.87 0.8 4.08 
Primary Collimator 2.5 1.85 0.6 3.44 

Flattening Filter 10.9 2.41 47.2 4.89 
Air Gap (from FF to Shield) 0.2 1.26 9.6 3.62 

W and Pb shields 2.0 1.46 15.2 3.43 
Y and X Jaws 1.5 1.64 8.7 3.51 

Air Gap (from Jaws to Phantom) 0.2 1.20 1.0 3.27 
Base Plate 0.2 1.45 17.3 2.34 

Total 100 4.39 100 3.96 
 
 



Updated Beam Parameters For Monte Carlo Simulation Of Five Varian Megavoltage Photon Beams (4, 6, 10, 15 And 18 Mv) 1069
 

  
 IFMBE Proceedings Vol. 25  

 

0 5 10 15 20 25 30
0.3

0.6

0.9

1.2 18 MV

6x6 cm2
10x10 cm2
40x40 cm2

Line: Measurements
Symbol : GEPTS

N
or

m
al

iz
ed

 D
ep

th
 D

os
e

Depth (cm)  
Fig. 1 

-30 -20 -10 0 10 20 30
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4 18 MV (40x40 cm2)

30 cm

20 cm

10 cm

5 cm

2.5 cm

No
rm

al
iz

ed
 D

os
e

Off-axis distance (cm)  
Fig. 2 

-6 -4 -2 0 2 4 6
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Line: Measured
Symbol: GEPTS

18 MV (6x6 cm2)

30 cm

20 cm

10 cm

5 cm

2.5 cm

N
or

m
al

iz
ed

 D
os

e

Off-axis distance (cm)  
Fig. 3 

-8 -4 0 4 8
0.0

0.5

1.0

1.5

depth = 10 cm2

depth = 1.5 cm2

4 MV (10x10 cm2)

N
or

m
al

iz
ed

 D
os

e

Off-axis distance (cm)

 Measured
 GEPTS

 
Fig. 4 

0 5 10 15 20 25 30
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8

4 MV

35x35 cm2
10x10 cm2

N
or

m
al

iz
ed

 D
os

e

Depth (cm)

Line: Measured
Symbol: GEPTS

 
Fig. 5 

0 5 10 15 20 25 30
0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Line: Measured
Symbol: GEPTS

10x10 cm2
40x40 cm2

6x6 cm2

6 MV 

N
or

m
al

iz
ed

 D
ep

th
 D

os
e

Depth (cm)  

Fig. 6 



1070 Updated Beam Parameters for Monte Carlo Simulation of Five Varian Megavoltage Photon Beams (4, 6, 10, 15 and 18 MV)
 

  
 IFMBE Proceedings Vol. 25  

 

0 5 10 15 20 25 30

0.5

1.0

1.5

Line: Measured
Symbol: GEPTS

2x2 cm2

10x10 cm2

35x35 cm2

10 MV 

N
or

m
al

iz
ed

 D
os

e

Depth (cm)  
Fig. 7 

-20 -10 0 10 20
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

depth = 10 cm

depth = 2.5 cm

10 MV (35x35 cm2)

N
or

m
al

iz
ed

 D
os

e

Off-axis Distance (cm)

Line: Measured
Symbol: GEPTS

 
Fig. 8 

-30 -20 -10 0 10 20 30
0.0

0.4

0.8

1.2

1.6

20 cm

30 cm

10 cm

5 cm

1.6 cm

Line: Measurements
Symbol: GEPTS

6 MV (40x40 cm2)

M
or

m
al

iz
ed

 D
os

e

Off-axis distance (cm)  
Fig. 9 

0 5 10 15 20
-3

-2

-1

0

1

2

3

4

Lo
ca

l. 
D

iff
. (

%
) (

M
ea

s.
-C

al
c.

) IC-10 Responses (Measured vs. Calculated)

Depth (cm)

 18 MV Open field   (40 x 40 cm2)
 18 MV 2-mm Pb foil (40 x 40 cm2)
  6 MV Open field   (40 x 40 cm2)

 
Fig. 10 

REFERENCES 

[1] G. X. Ding, “Dose discrepancies between Monte Carlo calculations 
and measurements in the buildup region for a high-energy photon 
beam”, Med. Phys. 29, 2459 – 2463, (2002).  

[2] O. Chibani and C-M.C. Ma, “On the discrepancies between Monte 
Carlo dose calculations and measurements for the 18 MV Varian 
photon beam”, Med. Phys. 34, 2007, p1206 

[3] Varian Oncology System, Monte Carlo Data Package , Confidential 
Report (2009). 



O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/I, pp. 1071–1073, 2009. 
www.springerlink.com 

Single and Multibeam Dose Distribution for Treatment Planning of Cancer 
Rukhsana Jabeen (M.Phil)1 and M. Afzal (Ph.D)1,2 

1 Department of Physics, B.J.Campus, The Islamia University of Bahawalpur, Pakistan 
2 Department of Medical Physics, University of Dundee, Ninewells Hospital & Medical school, Dundee, DD1 9SY, UK 

afzalrao@hotmail.com 

Abstract––The development of radiotherapy techniques 
has aimed at the goal of irradiating a small localised region 
by sparing the surrounding healthy tissues. Therefore the 
success of radiosurgery is critically based on the accurate 
information of the distribution of the absorbed dose. 
Treatment planning for conventional radiations is based on 
the assumption that the effect of a combination of doses at 
any location in the treatment field in a multibeam plan will 
be equivalent to that of a single dose made up of the total 
sum of the doses delivered to that location.Treatment 
planning data of 80 patients treated on Cobalt-60 unit for the 
treatment of cancer lying in different organs was analyzed. 
The dose distribution chart was evaluated for the target and 
risk organs. The results of the treatment planning with single 
field, for tumor at Pelvis, show the average prescribed dose 
of 200 cGy was delivered to the target volume with variation 
of ±11.6% (The healthy organs like Scrum and Rectum also 
received a dose of 124 cGy and 95.5 cGy respectively). The 
result with three fields, show the average prescribed dose of 
200 cGy was delivered to the target volume with variation of 
±6.2%. The healthy organs like Scrum and Rectum received 
a dose of 57.1 cGy and 37.4 cGy respectively which shows a 
reduction of about 54%. The results of other organs also 
show the like trend. The investigation show that the use of 
multibeam treatment planning in radiation therapy reduces 
the risk of unwanted absorbed dose in healthy tissues and 
increases the accuracy of delivering the prescribed dose to 
the tumour volume. Multibeam treatment also provide a 
delivery of more dose to the target volume, especially 
surrounded by other healthy organs as compare to the single 
beam radiation therapy. 

I. INTRODUCTION 

The development of radiotherapy techniques has aimed at 
the goal of irradiating a small localised region by sparing the 
surrounding healthy tissues. Therefore the success of 
radiosurgery is critically based on the accurate information of 
the distribution of the absorbed dose [1]. Treatment planning 
for conventional radiations is based on the assumption that 
the effect of a combination of doses at any location in the 
treatment field in a multibeam plan will be equivalent to that 
of a single dose made up of the total sum of the doses 
delivered to that location[2]. Target volumes are identified 
either on simulator images or on cross-sectional images from 
CT or MR scanners [3]. Radiotherapy is a conservative 
method of treatment, and it is used as brachytherapy or 
external beam irradiation (teletherapy) [4].  

II. MATERIAL AND METHODS 

Treatment planning data of 80 patients treated on Cobalt-
60 unit for the treatment of cancer lying in different organs 
was analyzed. The dose distribution chart was evaluated for 
the target and risk organs, using single and multifields. 

III. RESULT AND DISCUSSION 

The results of the investigation for sing and multi-beam 
treatment planning in different cancers are presented and 
discussed below. 

Table 1A Showing different parameters, used in treatment planning, using single field, of the tumour at Pelvis 

No. of Field(s) Single Field 
Beam Description Ant Pelvis 
SSD(cm) 74.8 
Field Size(cGy) 13.0 x 12.0 
Weighting(cGy) 200 
Gantry Angle 0o 
MU/Fraction 2.84 
Wedges None 
Coll. Angle 0o 
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Table 1B Showing the dose at reference points. Mean Dose calculated for 7 (1,2,3,6,7,8,9) points in target volume =223.2 cGy using single field 

Reference 
Point 

1 2 3 4 5 6 7 8 9 10 11 12 

Dose (cGy) 244.7 212.1 190.6 124.5 95.5 241.4 218.9 212.0 242.9 9.4 9.0 107.8 

Table 1C Showing different parameters, used in treatment planning, using three fields, of the tumour at Pelvis 

No. of Field(s) Field 1 Field 2 Field 3 
Beam Description Ant Pelvis Rt Lat Pelvis Lt Lat Pelvis 
SSD(cm) 74.8 63.9 64.2 
Field Size(cGy) 13.0 x 12.0 9.0 x 12.0 9.0 x 12.0 
Weighting(cGy) 60 70 70 
Gantry Angle 0o 270o 90o 
MU/Fraction 0.86 1.77 1.75 
Wedges None None None 
Coll. Angle 0o 0o 0o 

Table 1D Showing the dose at reference points. Showing the dose at reference points. Mean Dose for 7 (1,2,3,6,7,8,9) points in target volume =212.4 cGy 
using three fields (sparing Scrum (4,12) and Rectum(5) 

Reference 
Point 

1 2 3 4 5 6 7 8 9 10 11 12 

Dose (cGy) 221.1 206.8 194.8 57.1 37.4 221.7 212.9 208.1 221.6 195.4 197.2 46.1 

 
Complete dose distribution for treatment planning with 

the single field is given in Isodose chart. The results of the 
treatment planning, for tumor at Pelvis, with other 
parameters given in table-1A, show the average prescribed 
dose of 200 cGy was delivered to the target volume with 
variation of ±11.6% (table-1B). The healthy organs like 
Scrum and Rectum also received a dose of 124 cGy and 
95.5 cGy respectively. Where as the Complete dose 
distribution for treatment planning with three field is given 

in Isodose chart. The results of the treatment planning, for 
tumor at Pelvis, with other parameters given in table-1C, 
show the average prescribed dose of 200 cGy was delivered 
to the target volume with variation of ±6.2% (table-1D). 
The healthy organs like Scrum and Rectum received a dose 
of 57.1 cGy and 37.4 cGy respectively which shows the a 
reduction of about 54%. 

 

Table 2A Showing different parameters, used in treatment planning, using single field, of the tumour at Brain 

          Parameters Field  

      Beam Description Lt lat Brain 

          SSD (cm)                 77.0 

          Field Size(cm2) 9.0 x 9.0 

         Weighting (cGy) 200 

          Gantry angle 90 

          MU/Frac 2.92 

          Wedges none 

          Coll. 0 
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Table 2B Showing the dose at reference points. Mean Dose for 10 points (1,2,3,4,5,6,7,8,9,10) in target volume = 184.74cGy using single field 

Reference 

points 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Dose (cGy) 200.9 181.6 168.3 153.0 163.8 193.5 206.3 211.7 189.2 179.1 104.1 100.6 113.2 238.8 25.1 13.9 

Table 2C Showing different parameters, used in treatment planning, using three field, of the tumour at Brain 

          Parameters Field 1 Field 2 Field 3 

 Beam Description Ap lt Brain Pa lt Brain Lt lat Brain 

          SSD (cm)             73.9 72.3 77.0 

    Field Size(cm2) 9.0 x 8.0 9.0 x 8.0 9.0 x 9.0 

     Weighting (cGy) 75 75 50 

         Gantry angle 0 180 90 

          MU/Frac 2.37 2.70 0.74 

          Wedges 45o 45o none 

          Coll. 270 90 0 

Table 2D Showing the dose at reference points. Mean Dose for 9 points (1,2,3,4,5,6,7,8,9) in target volume = 201.5cGy using three fields 

Reference 

points 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Dose (cGy) 204.9 203.2 200.3 200.5 199.5 201.0 203.8 200.5 199.9 38.9 39.6 168.0 209.4 209.4 170.3 181.2 

 
Complete dose distribution for treatment planning with 

the single field is given in Isodose chart. The results of the 
treatment planning, for tumor at Brain, with other 
parameters given in table-2A, show the average prescribed 
dose of 200 cGy was delivered to the target volume with 
variation of ±7.6% (table-2B). Where as the complete dose 
distribution for treatment planning with three fields is given 
in Isodose chart. The results of the treatment planning, for 
tumor at Brain, with other parameters given in table-2C, 
show the average prescribed dose of 200 cGy was delivered 
to the target volume with variation of ±0.8% (table-2D).  

IV. CONCLUSIONS 

The investigation shows that the use of multibeam 
treatment planning in radiation therapy reduces the risk of 
unwanted absorbed dose in healthy tissues and increases the 
accuracy of delivering the prescribed dose to the tumour 
volume. Multibeam treatment also provide a delivery of 
more dose to the target volume, necessary for the tumour, 
especially surrounded by other healthy and sensitive organs 

as compare to the single beam radiation therapy which has 
limitations due to the tolerance level of healthy tissues in 
path way between the beam. The decisions for taking the 
single or multibeam treatment depends upon the situation 
and site of the tumour.  
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Use 
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Abstract—Via a workshop and the concerted efforts of 
many investigators (and with support from the AAPM and 
ASTRO) the dose-volume relationships for many normal 
tissues sites have been examined and pulled together within the 
QUANTEC initiative.  Here the summary recommendations of 
those studies are critiqued by members of the QUANTEC 
steering committee from a “physicist/treatment planner” 
perspective. 

Sixteen site-specific articles (written by knowledgeable 
physicians and physicists) have been submitted for 
simultaneous publication.  Part of each report was a review of 
(where available) published dose volume histogram (DVH) 
point metrics and normal tissue complication model (NTCP) 
parameters associated with complications.  Each report also 
provided information related to the quality of the data/results 
and their applicability for clinical use.  The QUANTEC 
steering committee has summarized the site-specific results 
together with a critical assessment of their strengths and 
shortcomings. 

All reported values are apropos to the circumstances under 
which they were measured (primarily 3DCRT with 

conventional fractionation) and should be used with caution 
for other treatment schemes.  The reported metrics generally 
fall into the categories of DVH points (e.g., Vxx, the volume of 
the normal tissue in excess of dose level xx associated with a 
complication threshold) and Lyman NTCP model parameters.  
The quality of the data/results ranges from combined analyses 
among several institutions (or combined analysis of literature 
values) to single institution experiences.  In general, the 
recommended parameters and limits are more differential 
(separating safe from unsafe domains) rather than universal 
(spanning a continuous range of complications).  However, 
clinically useful summaries can be made. 

The QUANTEC effort has been largely successful in 
updating the available dose/volume data.  However, the 
resulting recommendations for clinical use need to be carefully 
assessed and cautiously applied as the quality of these data 
varies.  Future QUANTEC initiatives are in progress. 

 
Keywords—NTCP, dose-response, modeling. 
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The Lessons of QUANTEC  
(Quantitative Analysis of Normal Tissue Effects in the Clinic):  

Recommendations for Reporting and Gathering Data on Dose-Volume 
Dependencies of Treatment Outcome 
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Abstract—Severe normal tissue complications are, by good 
medical practice, relatively uncommon. Investigations of their 
causes will inevitably be plagued by the small numbers of 
events in individual series. It is therefore important to be able 
to combine complication data from different institutions and 
protocols.  This can be achieved in two ways: by the direct 
combination of raw data (i.e. pooling of dose distribution and 
outcome information); or by combination of published results 
(literature-based meta-analysis). 

Supported by funding from AAPM and ASTRO, the initial 
efforts of the QUANTEC initiative have been concentrated on 
the second approach: it has reviewed the dose volume 
dependence of toxicities of external beam radiotherapy, with 
the goal of synthesizing existing results and providing 
tolerance data for use in the clinical treatment planning. An 
issue of the Red Journal has been prepared, containing articles 
covering complications in 16 normal organs. Tolerances have 

been given in terms of limits on dose-volume histograms and 
metrics from normal tissue complication probability (NTCP) 
models.   

While this effort has been largely successful, it has been 
limited by the difficulty of synthesizing results from different 
publications. The major problems stem from incomplete 
reporting of results and use of incompatible or ambiguous 
endpoints. Here we specify these problems, give 
recommendations to authors, editors, and reviewers on 
standards of reporting, and, provide methods of defining 
endpoints suitable for the dose-volume analysis of toxicity. 
Adopting these recommendations will facilitate meta-analysis 
and increase the utility of individual studies of the dependence 
of complications on dose distributions.  

Keywords—Normal tissue toxicity, statistical reporting standards, 
endpoint definition. 
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