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Özet
Amaç: Bu çalışmanın ilk kısmında, 6 MV ve 18 MV x-ışını 
foton demeti için deneysel olarak elde edilen yüzde derin doz 
eğrilerinin, Geant4 Monte Carlo simülasyonu kullanılarak 
doğrulanması amaçlanmıştır. Buna ek olarak; çalışmanın ikinci 
kısmında, MATLAB ve XCOM programları kullanılarak, 
çeşitli insan dokularının ve suyun kütle zayıflatma katsayıları 
hesap edilerek karşılaştırıldı.
Materyal-Metot: Varian Clinac IX lineer hızlandırıcı 
cihazında deneysel olarak ölçülen merkezi eksen yüzde derin 
dozları; 6 MV ve 18 MV x-ışını foton enerjileri için 10x10 cm2 
ve 30x30 cm2 alan boyutlarında, Monte Carlo simülasyonu 
(Geant4) ile hesap edilerek doğrulandı. Ek olarak; kan, 
kemik, yağ dokusu, kas, deri ve suyun kütle zayıflama 
katsayıları MATLAB ile hesaplanarak, NIST XCOM verileri 
ile karşılaştırıldı. 
Bulgular: Geant4 modellemesinin sonuçları, yüzde derin doz 
eğrileri için deneysel ölçümlerle uyumlu bulundu. Geant4' ün; 
deneysel sonuçlar ile tutarlılığı, 10x10 cm2 alan büyüklüğünde 
6 MV foton enerjisi için daha belirgindi. MATLAB ve XCOM 
sonuçları arasında; bahsi geçen tüm insan dokuları için kemik 
hariç hiçbirinde istatistiksel olarak anlamlı bir fark bulunmadı 
(her iki cinsiyette kemik için p=0,039). En düşük medyan 
yüzde farkı, su ve cilt için sırasıyla %1,23 ve %2,19 olarak 
hesaplandı. 
Sonuç: Geant4, tıbbi linaklarda, yüzde derin doz eğrilerini 
hesaplamak için kullanılabilir. MATLAB ile hesaplanan 
kütle zayıflatma katsayıları önceki çalışmalarda diğer yazılım 
programları ile elde edilen sonuçlarla tutarlı bulundu. Bu 
da, MATLAB'ın çeşitli insan dokularının yanı sıra suyun 
kütle zayıflama katsayılarını hesap etmek için alternatif bir 
simülasyon aracı olarak kullanılabileceğini göstermektedir.
Anahtar kelimeler: Radyoterapi, Geant4, MATLAB, Kütle 
Zayıflatma Katsayısı, Yüzde Derin Doz.

Abstract
Objective: First part of this work dedicated to the 
verification of the percentage depth dose curves that obtained 
experimentally for 6 MV and 18 MV x-ray photon beams via 
using Geant4 Monte Carlo simulation. Second part of this 
study compared the computed mass attenuation coefficients 
of various human tissues and water between MATLAB and 
XCOM.
Material-Method: The central-axis percentage depth doses of 
Varian Clinac IX linear accelerator were verified via Monte 
Carlo simulation (Geant4) with square field sizes (10x10 
and 30x30 cm2) for 6 MV and 18 MV x-ray photon energies. 
In addition, mass attenuation coefficients of adipose tissue, 
blood, muscle, bone, skin and water were computed with 
MATLAB and were compared with the NIST XCOM data.
Results: Results of the Geant4 modeling were in line with the 
experimental measurements for percentage depth dose curves. 
The consistency of Geant4 with experimental results was more 
explicit for 6 MV photons with the field size of 10x10 cm2. 
No statistically significant difference between MATLAB and 
XCOM were found for all mentioned human tissues, except 
for bone (p=0.039 for bone in both genders). The minimum 
median percentage differences were calculated for water and 
skin with a result of 1.23% and 2.19%, respectively. 
Conclusions: Geant4 can be used to predict percentage depth 
dose curves for medical linacs. Mass attenuation coefficients 
calculated with MATLAB yielded consistent results with 
previous studies, which means MATLAB can be used as an 
alternative simulation tool for estimating mass attenuation 
coefficients of various human tissues and water.
Keywords: Radiation Therapy, Geant4, MATLAB, Mass 
Attenuation Coefficient, Percentage Depth Dose.



225

Physical parameters in radiation therapy Özseven and Kara

Introduction
Radiation has been used in many fields such as medicine, 
industry and agriculture throughout the years. Of these 
mentioned fields, medicine can be accepted as the most 
important and the most extensive field of application for 
the usage of radiation (1). Radiation is not only used for 
diagnostic purposes in radiology, but also utilized in the field 
of radiation therapy for therapeutic purposes (2). Due to 
growing importance in medicine; radiation is accepted as one 
of the indispensable tools for both diagnosis and treatment of 
the diseases. 
According to several health organizations and previous studies, 
cancer is accepted as the deadliest among the whole diseases 
(3).  In order to cure cancer several treatment modalities have 
been used in recent years. Although surgery and chemotherapy 
are the primary treatment techniques in several cancer types, 
radiotherapy still continues to be the only treatment choice for 
some cancer forms, when the surgery is unfeasible. Moreover, 
due to that crucial importance of radiotherapy in many types 
of cancer, treatment delivery accurateness of radiation therapy 
become vital for the patients dealing with cancer (4). Although 
various kind of treatment machines that are in use for the 
delivery of external radiation treatment; in most clinics, linear 
accelerators (LINAC) and tomotherapy systems are the well-
known ones. In addition to that, verifying the efficiency of 
treatment machines with simulation software can improve the 
reliability and practicality of the treatment. In recent years, 
one of the most preferred simulation software that validate 
the performance of LINACs is GEANT (GEometry ANd 
Tracking) that using Monte Carlo codes in its library (5). 
Software that based on Monte Carlo method such as Geant4 
is a useful research area for medical physicist. The reason 
behind is that Monte Carlo methods are a platform for 
introducing data in a specific form in the field of radiology, 
nuclear medicine and radiotherapy (6).
Geant4 able to process all types of particles and complex 
geometries in its libraries. Particularly, Geant4 offers the 
most formable 3-dimensional geometry representation which 
has a superiority on all Monte Carlo codes. One of the most 
tempting property of Geant4 is its use of modern computer 
programming methods. Another exceptional characteristic 
of Geant4 is that it can simulate geometries in rotation, for 
instance the moving components of an intensity modulated 
radiation therapy (IMRT) beam, dynamic multi-leaf 
collimators (MLCs), arc-based treatment devices, as well as 
stationary and active parts of imaging systems, etc. (7, 19).
In clinical routine, ionizing radiation interacts with all organs 
and regions in the patient's body. Therefore, it is important 
to measure the patient dose arising from ionizing radiation 
and to determine the attenuation properties of various tissue in 
human body. In order to evaluate the radiation doses received 
by patients, several materials have been used to model the 
human tissue and organs (8). Generally, these materials 
are termed tissue equivalent materials. Moreover, tissue 
equivalent materials have been regularly used in radiation 
therapy, as well as in radiology as research materials (9-12).

The linear attenuation or mass attenuation coefficients 
of any material or tissue can be calculated from the tables 
prepared previously in literature. In order to be used in such 
calculations, American National Institute of Standards and 
Technology (NIST) developed a web computer program 
called XCOM which was prepared by Berger and Hubbell. 
This program can determine the mass attenuation coefficients 
of any material with energy range starting from 1 keV to 100 
GeV (13).
In the energy interval ranging from 100 keV to 25 MeV x-ray 
photons have been used to explore the interactions of photons 
with the matter for many years. The total mass attenuation 
coefficient can be computed by using constituent elements 
and the photon energy of the matter. In recent years, total 
mass attenuation coefficient is a useful method for evaluating 
the procedure in dosimetric applications of these substances 
(10,13).
In this current study, the central-axis percentage depth doses 
of Varian Clinac IX linear accelerator were verified via Monte 
Carlo simulation (Geant4) with square field sizes (10x10 
and 30x30 cm2) for 6 MV and 18 MV photon energies. In 
addition, mass attenuation coefficients of various human 
tissues and water were computed with MATLAB (MATLAB 
and Statistics Toolbox Release 2018a, The MathWorks, Inc., 
Natick, Massachusetts, United States) and were compared 
with the NIST XCOM data.

Material and Methods
Percentage Depth Dose Curves
Commissioning Of Experimental Measurements
Experimental measurements were conducted with Varian 
LINAC (Clinac IX-DHX of Varian Medical Systems, 
Palo Alto, CA) armed with 60 pair of multi-leaf collimator 
(Millennium 120-leaf MLC) and on-board imaging system, 
which is located at Department of Radiation Oncology in 
Suleyman Demirel University Hospital, Turkey. Before 
starting commissioning procedure, the LINAC has been 
calibrated in terms of dose output and jaws position accuracy. 
Geometrical requirements for the measurement were done 
by setting the gantry and collimator angles to 0 degrees and 
aligning the water phantom collaterally. Commissioning of 
percentage depth dose (PDD) curves were done with MP3-M 
water phantom with a dimension of 50x50x40 cm (PWT, 
Freiburg, Germany) in a depth range from 0 to 25 cm. 6 MV 
and 18 MV photon energies were used to acquire beam data. 
Water phantom measurements performed at square field sizes 
of 10x10 and 30x30 cm2 with 0.125 cc semi-flex ionization 
chamber with a scanning step size of 2 mm (PTW 31010, 
Freiburg, Germany). PDD curves, for the stated photon 
energies, were recorded at central axis of photon beam (Figure 
1). MEPHYSTO software were used to analyze the recorded 
beam data.
Linear Accelerator Simulation With Geant4
Monte Carlo simulation is used in a big variety of applications 
such as; high energy physics and medical physics. In this 
study, Varian IX Clinac was modeled based on manufacturer-
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provided information with use of Geant4 (Geant4-09-06-
patch-02) Monte Carlo code. The Geant4, which is coded with 
the C++ language, was employed to simulate the 6 MV and 18 
MV photon beams obtained from Geant4 libraries. Generally, 
Geant4 was founded at European Organization for Nuclear 
Research (CERN) for Large Hadron Collider (LHC) and is 
an object-oriented Monte Carlo simulation software. Geant4 
was improved to model the transfer of any kind of particles 
throughout material. It contains different kind of physics 
models, providing for the interactions of electrons, hadrons, 
ions and muons with substance from 250 eV up to number of 
peta-electron volts (14, 15). Numerous innovative illustrations 
are compared to biological and medical applications (hadron 
therapy, human phantom, brachytherapy, micro dosimetry, 
medical linac, etc.), which establishing the supremacy and 
ability of GEANT4 (16).

Geant4 simulated energy accumulation in a phantom, which 
was filled with water for a typical linac used in radiation 
therapy. The simulation set up was similar to one used in 
clinical work. 
It consisted of basic six steps, which were experimental set 
up, environment variables, visualization, run, the physics and 
the data output in Geant4 (Figure 2). The geometries used 
for medical linac were source of electrons, the target, the ion 
chamber, the vacuum window, the primary collimator, the 
flattening filter, the mirror, the light field reticle and the water 
phantom. In modelling process, water phantom, which has 
dimensions of 50x50x40 cm was simulated with a source to 
surface distance (SSD) of 100 cm. In addition, the PDDs were 
simulated in a water phantom for various field sizes (10x10, 
30x30). 
Mass Attenuation Coefficients
In addition to measurements of PDDs, mass attenuation 
coefficients of various tissues and water were studied with 
MATLAB software, which provided set of functions for 
modeling of photons, passing through different organs and 
water. The calculations were based on attenuation and energy 
absorption coefficients of photons in various elements for 
organs. The mass attenuation coefficients were calculated in 
the initial energy range of 1-18 MeV. The tables of absorption 
coefficients were adapted in NIST and embedded in the 
MATLAB code. The used elemental distributions and their 
densities for the adult mesh type reference phantom for 
each tissue were calculated with ICRP Publication 110 (17). 
The resultant mass attenuation coefficients computed from 
MATLAB were compared with the XCOM data.
Statistical Analysis
Statistical analyses were performed using the SPSS software 
version 22 (Armonk, NY: IBM Corp., USA). Repeated 
measures analysis of variance was used to find the difference 
between the mean values of the parameters with normal 
distribution; in case of non-normal distribution, significance 
of the difference was analyzed using the Mann Whitney-U 
and Wilcoxon signed-ranks test. A p-value of less than 0.05 
was considered to show a statistically significant result. 

Results
Comparison of the experimental measurement and Geant4 
Monte Carlo simulation results of PDD curves at 6 MV and 
18 MV photons for 10x10 and 30x30 cm2 square field sizes 
are presented are shown in Figure 3 and Figure 4. 
The computed mass attenuation coefficients of various human 
tissues and water by using MATLAB and the comparison with 
provided data by XCOM are presented in Figure 4–Figure 
10. In some tissues, there is no difference between male and 
female results; such as muscle, skin and bone. Because of that, 
the resultant graphs were classified under the same figures. 
Median percentage differences of MATLAB vs XCOM for 
the investigated tissues and water were presented in Figre 
11. While the maximum median percentage difference of 
MATLAB with a comparison of XCOM were recorded for 
muscle tissue with a result of 3.365% (0.050%–6.232%), the Figure 2. Model of medical linac simulation with Geant4 

Figure 1. Experimental measurements set-up
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minimum median percentage difference was calculated for 
water with a result of 1.234% (0.000%–2.643%). Moreover, 
for human tissue the minimum median percentage difference 
was computed for skin with a value of 2.186% (0.000%–
4.380%). 
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Figure 3. Obtained percentage depth dose curves of 6MV photon 
energy with ionization chamber and Monte Carlo   simulation 
(Geant4) for 10x10 cm2 and 30x30 cm2 field sizes

Figure 5. Calculated mass attenuation coefficients for male blood 
and female blood

Figure 4. Obtained percentage depth dose curves of 18MV photon 
energy with ionization chamber and Monte Carlo   simulation 
(Geant4) for 10x10 cm2 and 30x30 cm2 field sizes

Figure 6.  Calculated mass attenuation coefficients for both male 
and female muscle

Figure 7.  Calculated mass attenuation coefficients for both male 
and female skin

Figure 8.  Calculated mass attenuation coefficients for both male 
and female bone

Figure 10.  Calculated mass attenuation coefficients for water

Figure 9.  Calculated mass attenuation coefficients for male adipose 
tissue and female adipose tissue
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The resultant values of the statistical analyses for PDD 
measurements and computed mass attenuation coefficient 
are displayed in Table 1 and Table 2, Table 3, respectively.  
As a result of the normality test, the obtained skewness and 
kurtosis values indicated that PDD data and mass attenuation 
coefficient results showed non-normal distribution. 
Furthermore, distribution curves verified that data collected 
from measurements were conformed to the non-normal 
distribution for all PDD and mass attenuation coefficient 
values. Moreover, the Wilcoxon signed-ranks test results 
between measurements of experimental and Geant4 showed 
that the differences between these two measurement 
techniques were statistically significant for both 6 MV 
(p<0.001) and 18 MV photon energies (p<0.001 for 10x10 
cm2 and p<0.05 for 30x30 cm2). On the other hand, statistical 
analyses result of mass attenuation coefficients were more 
complicated. The results of Mann Whitney-U test (Table 2) 
showed that no statistically significant differences were found 
between male and female results for the mentioned tissues 
(p>0.05). The results of Wilcoxon signed-ranks test (Table 3) 
indicated that no statistically significant difference between 
MATLAB and XCOM were found for all mentioned human 
tissues, except for bone (p=0.039 for bone in both genders). 

Discussion
As can be seen from Table 1, Figure 3 and Figure 4, even though 
statistical analyses indicated that the differences between 
the results of Geant4 and experimental measurements were 
significant for PDD curves, good agreement was observed 
with the Monte Carlo results and experimental measurement 
qualitatively. Due to the large number of sampling points in 
PDD measurements, small variances in the results of two 
measurement methods yielded a statistically significant 
difference. Ripples in percentage depth dose curves were 
more evident with the results of Geant4 for the field size of 
30x30 cm2. The consistency of Geant4 with experimental 
results was more explicit for 6 MV photons with the field size 
of 10x10 cm2. 
Similarly Ding, Sardari et al., reported that particularly in the 
build-up region and in deeper sampling points, the coherence 
between Monte Carlo results and experimental measurements 
were impaired (18, 19). In this current study; similar outcomes 
were obtained that the discrepancies were more noticeable, 
especially for both 6 MV and 18 MV photon energies with 
field size of 30x30 cm2. 
Mesbahi et al. compared the MCNP4C and the GEANT3 
code with the experimental measurements for 6 MV and 15 
MV photon beams with different field sizes in Varian Clinac 
2300C/D. They reported that the variances between computed 
and measured PDDs in the downward part of the curves had 
been less than 1.2% for both codes and in the build-up region, 
these variances increased up to 7% for both codes (20). 
Similarly, in this current study for 6 MV photon beam in the 
build-up region, differences between Geant4 and measured 
PDDs values were less than 8%. In the tail part of the PDD 
curve the differences were decreased considerably to below 
2%. Remarkably, for both field sizes, the differences in dose 
maximum region were found to be less than 1%. 
The computed mass attenuation coefficients of various human 
tissues and water by using MATLAB and the comparison with 
provided data by XCOM are presented in Figure 4–Figure 10. 
As can be seen from Table 2, for the study of mass attenuation 
coefficients, no differences were recorded between male and 
female results; for the human tissues of muscle, skin and 
bone within XCOM and MATLAB calculations (p=1.000). 
Because of that, the resultant graphs were classified under the 
same figures for both genders.

Figure 11.  Median, minimum and maximum percentage differences 
of MATLAB vs XCOM for the investigated tissues and water

10x10 cm2 30x30cm2

6 MV  <0.001* <0.001*
18 MV  <0.001* <0.015**

*Denotes that difference is statistically significant at 0.001 level (2-tailed)
**Denotes that difference is statistically significant at 0.05 level (2-tailed)

Table 1. p-values of ionization chamber and Geant4 for different 
field sizes

XCOM
Male vs Female

MATLAB
Male vs Female

Blood 0.850 0.679
Bones 1.000 1.000
Adipose Tissue 0.877 0.836
Muscle 1.000 1.000
Skin 1.000 1.000

Table 2. p-values of mass attenuation coefficients for various tissues 
with both genders

MALE
Xcom vs Matlab

FEMALE
Xcom vs Matlab

Blood 0.093 0.076
Bones   0.039*   0.039*

Adipose Tissue 0.093 0.246
Muscle 0.185 0.185
Skin 0.088 0.088
Water 0.008*

*Denotes that difference is statistically significant at 0.05 level (2-tailed)

Table 3. p-values of mass attenuation coefficients for various tissues 
and water with XCOM and MATLAB
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Akar et al. measured the mass attenuation coefficients of 
muscle, bone, fat and water in low-energy photon energies (140 
keV, 364 keV and 662 keV) and compared the experimental 
results with the Hubbell and Seltzer data (21). Akar et al. 
reported a good agreement with the Hubble and Seltzer data 
by fitting his findings to the mass attenuation curve of NIST 
(22). Reported results from Hubbell and Seltzer data were 
fairly close to our findings with the computed XCOM results 
in this current study. 
Tekin et al. investigated the mass attenuation coefficients of 
various human body organs by comparing the findings with the 
most used Monte Carlo platforms such as FLUKA, MCNP-X, 
and GEANT4 and with the data provided by XCOM and 
NIST for photon energies below 2 MeV (9). In this current 
study, the results of 1 MeV and 2 MeV were matched up 
with findings of the mentioned study for the tissues of blood, 
adipose tissue, bone, muscle and skin with XCOM data. On 
the other hand, the outcomes of MATLAB computations 
weren’t overlap as much as XCOM data. However, this result 
should not lead one to a proven inference that MATLAB was 
better at high energy moving particles for the estimation of 
mass attenuation coefficients.
It was found that water was the best match up material 
between XCOM and MATLAB results. This can be very 
useful outcome considering that the human body is consisting 
of water to a large extent. Furthermore, MATLAB also 
simulated skin tissue considerably well compared with 
XCOM (Figure 11).

Conclusion
In this current study, Varian IX medical LINAC was simulated 
via using Geant4 based on manufacturer’s information. 
Percentage depth dose curves with different photon energy 
and field sizes in a water phantom were verified by using 
Geant4 simulation tool. Although some discrepancies were 
recorded due to the electron contamination in the build-
up region of percentage depth dose curves; generally, a 
good consistence was observed with the Geant4 results and 
experimental measurement indicating that Geant4 can be used 
to predict percentage depth dose curves for medical linacs. 
On the other hand, this research showed that MATLAB code 
is an applicable and competent code for computing mass 
attenuation coefficients in high-energy fields. In addition, 
mass attenuation coefficients calculated with MATLAB 
yielded consistent results with previous studies, which means 
MATLAB can be used as an alternative simulation tool for 
estimating mass attenuation coefficients of various human 
tissues, as well as water material.  Moreover, the computed 
results of mass attenuation coefficients with MATLAB was 
determined as a baseline for further studies. The results of 
this study verified that MC simulation tools are one of the 
promising modalities of clinical researches and can be 
implemented for medical physics studies.
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