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Özet
Bu çalışma, yedi beyin bölgesi olan Frontal, Occipital, Parietal, Temporal korteksler ve Hipokampus, Thalamus, Cerebellum’da ki 
radyasyon zayıflama özelliklerinin bölgelerin elementel kompozisyonları açısından araştırılmasını amaçlamıştır. Genel amaçlı Monte 
Carlo kodu Monte Carlo N-Particle Transport Code System-extended (MCNPX) 2.6.0 sürümü (Los Alamos Ulusal Lab, ABD) , yukarıda 
bahsedilen beyin bölgelerinin kütle zayıflama katsayılarını hesaplamak için kullanılmıştır. MCNPX ve XCOM tarafından elde edilen ve 
bahsedilen beyin bölgeleri için hesaplanan kütle zayıflama katsayıları (µ/ρ) üzerinde iyi bir uyum elde edilmiştir. Sonuçlar, Cerebellum’un 
radyolojik enerji değerlerinde en yüksek kütle zayıflatma katsayılarına sahip olduğunun göstermiştir. Bu durum, Cerebellum’daki Klorun 
(Cl) elementel kütle fraksiyonu değeri ile açıklanabilir. Tanısal radyasyonun yoğunluğunun beyin BT veya beyin PET taramaları sırasında 
beyin bölgelerinin geri kalanından daha fazla Cerebellum’da azalacağu düşünülebilir. Bu makaleden elde edilen verilerden standart 
simülasyon geometrisi ve kütle zayıflama katsayıları medikal fizik ve radyasyon fiziği uygulamalarında yararlı olacaktır.
Anahtar Kelimeler: beyin, kütle zayıflatma katsayıları, monte carlo

Abstract
This study aimed to investigate the radiation attenuation properties of seven brain regions namely Frontal, Occipital, Parietal, 
Temporal cortexes, Hippocampus, Thalamus and Cerebellum in terms of their elemental compositions. Monte Carlo N-Particle 
Transport Code System-extended (MCNPX) version 2.6.0 (Los Alamos National Lab, USA) general purpose Monte Carlo code 
has been employed in order to calculate the mass attenuation coefficients of those aforementioned brain regions. A satisfactory 
agreement has been obtained on the mass attenuation coefficients (µ/ρ) calculated by MCNPX and XCOM for those brain regions 
under investigation. The results underlined that Cerebellum has the highest mass attenuation coefficients in terms of the radiological 
energy values. This can be explained by the elemental mass fraction value of Chlorine (Cl) in Cerebellum. It could be deduced 
that the intensity of diagnostic radiation can be more attenuated in Cerebellum than rest of the brain regions during the brain CT or 
brain PET examinations. The data from the present paper would be useful for the use of standard simulation geometry and mass 
attenuation coefficients for medical physics as well as the applications of radiation physics.
Keywords: brain, mass attenuation coefficients, monte carlo 
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investigated in the literature using Monte Carlo method 
(Tekin et al., 2017; Ermis et al., 2016). The literature 
review showed that recent studies handled the brain 
structure as a mathematical phantom with a certain 
elemental mass fractions (Elaff, 2016; 2018). However, 
radiation attenuation properties of different brain 
regions are not found in the literature. This has strongly 
encouraged us to investigate the attenuation properties 
of different brain regions compare them with each other. 
This study aimed to investigate the radiation attenuation 
properties of Frontal, Occipital, Parietal, and Temporal 
cortexes, Hippocampus, Thalamus, and Cerebellum 
considering their elemental compositions, respectively. 

2. Materials and Methods

The mathematical simulation methods such as numerical 
modeling and Monte Carlo simulations are one of the vital 
methods to determine the physical problems when the 
experimental conditions are limited or hard to reach. In 
the current investigation, Monte Carlo N-Particle Transport 
Code System-extended (MCNPX) version 2.6.0 (Los 
Alamos National Lab, USA) general purpose Monte Carlo 
code has been employed for the calculations of mass 
attenuation coefficients of seven aforementioned brain 
regions considering their elemental compositions. MCNPX 
can provide fully three-dimensional simulation and can 
utilize extended nuclear cross section libraries and uses 
physics models for particle types (Briesmeister, 2000). In 
the literature, different studies have been performed using 
MCNPX Monte Carlo code for investigation of radiation 
mass attenuation coefficients and various shielding 
parameters for different type of materials (Tekin et al., 
2017a; Akkurt et al., 2015; Tekin et al., 2016a; Tekin 
et al., 2016b; Tekin et al., 2017b; Tekin et al., 2017c; 
Erguzel et al., 2018; Tekin et al., 2017d; Dong et al., 2017; 
Laksminrayna et al., 2017; Tekin et al., 2017e; Tekin et 
al., 2018). The numerical applications and mathematical 
modeling methods of the radiation interaction problems 
mostly depend upon material compositions. The input 
structure of MCNPX code has some important parts to 
define the primary details of the simulation study. Those 
are the definition of the problem geometry, the definition 
of the materials with their chemical composition and the 
definition of the radiation source structure, respectively. 
In an MCNPX input file, the geometry is founded by 
defining geometric cells. The cells are surrounded by one 
or more geometric surfaces. In the present investigation, 
square prism geometry was employed for the modeling 
of each brain region. Since attenuation properties of 
different brain region have been investigated, they have 
been considered as independent biological structures, 
separately. Their edge lengths of this square prism 
geometry are defined as 5 cm while the axial z-length is 
defined for each simulation in different sizes because it is 
the thickness of the brain region. The inside of modeled 
square prism has been considered as a cell in the input 
file. For each calculation, this cell is modeled as a different 
brain region with their elemental mass fraction which 
given in Table 1 (Stedman & Spyrou, 1995). To model a 
cell with a certain elemental mass fraction, it should be 
defined as Mn in the material card. The MCNPX material 
card block provides the material definition according to 

1. Introduction

Nowadays, due to the increasing applications of radiation-
biological structure interactions, among researchers, there 
has been great attention paid to the simulation methods. 
Practical investigation on living tissues is not possible all 
the time. Therefore numerical methods and simulation 
studies have a major role in the field of radiation physics 
and medical physics. Permanent improvements in medical 
physics exposure reduction with the help of investigation 
are found in the day-to-day treatment of various types 
of diseases using radiation. On the other hand, methods 
for special care are required for radiation application in 
medical treatments to avoid undue exposure to normal 
human organs other than cancer of patient. The term 
of medical imaging is a valuable way of collecting visual 
or numerical internal organ information for the analysis 
and treatment processes. The medical image formation 
fact is dependent upon radiation interaction with material 
environments of body parts. The elemental density 
differences have a significant role in the medical imaging 
process. The density differences between the tissues and 
organs directly affect the attenuation of the radiation. 
Thus, penetration of radiation determines the contrast 
differences in the image formation. The term of medical 
imaging is being used in positron emission tomography 
(PET), computed tomography (CT), Mammography etc. 
for scanning different body parts. The contrast formation 
of the medical image depends upon the relative radiation 
attenuation in the tissue or organ. For monochromatic 
photon beams, the intensity decreases as the photon 
beam propagate through the sample or human body organ 
according to the Lambert-Beer law [I=I0 exp (-µt)], upon 
where I0 is the incident intensity, t is the path length, 
and μ is the sample’s linear attenuation coefficient. This 
coefficient depends on the elemental or composition 
chemical of the sample and is larger for electron-dense 
materials. Therefore, materials such as metal, bone, and 
kidney stones have high image contrast against soft tissues 
(Chen et al., 2012). The attenuation coefficient is basic 
fundamental photon interaction property of a material 
or human organ to investigate effective atomic number, 
effective electron density and shielding properties (Singh 
& Badier, 2016). The attenuation coefficients of various 
types of biological structures (cancerous and normal 
tissues) (Singh et al., 2015; Mirji et al., 2016; Tomal et 
al., 2010), body organs (Taylor, 2012), tissue substitutes 
have been investigated by different researchers. On the 
other hand, x-ray based medical imaging methods of the 
brain play vital role in the diagnostic process. Computed 
Tomography (CT) examination associates a series of X-rays 
images obtained from different angles to create the cross-
sectional images of the patient. Computed Tomography 
(CT) of the head uses special x-ray equipment to help 
assess head injuries, severe headaches, dizziness, and 
other symptoms of an aneurysm, bleeding, stroke, and 
brain tumors. As previously mentioned, each density 
difference in tissue or organ can show a significant 
contrast formation in the medical image. The human brain 
can be grouped into a number of anatomical regions. The 
elemental mass fractions and concentrations have been 
shown to be heterogeneous (Stedman et al., 1995). The 
radiation attenuation properties of the brain have been 
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the format required by the radiation transport code Monte 
Carlo N-Particle eXtended (MCNPX). The form of the 
material card can be shown as; 

Mm ZZZ0001 fraction1 ZZZ0002 fraction2 ZZZ0003 
fraction3

In this encoding structure, the acronym of n is the 
arbitrary material number match with material number in 
cell card and ZZZ is the atomic number of each element 
forming the material. In addition, fraction is the elemental 
mass fraction of the ZZZ in compound. In the present 
investigation, we have defined seven different brain region 
with their elemental mass fractions. The MCNPX encoding 
of the material cards of the brain regions samples from 1 
to 7 can be seen as given below, respectively.

M1 6000 0.666337 7000 0.078218 8000 0.199010 11000 0.014851 
12000 0.014851 17000

0.017822 $Frontal cortex 

M2 6000 0.657143 7000 0.101478 8000 0.192118 11000 0.011823 
12000 0.015764 17000 0.021675 $Occipital cortex

M3 6000 0.680320 7000 0.087912 8000 0.187812 11000 0.017982 
12000 0.010989 17000 0.014985 $Parietal cortex

M4 6000 0.664343 7000 0.082669 8000 0.207171 11000 0.016932 
12000 0.010956 17000 0.017928 $Temporal cortex

M5 6000 0.646414 7000 0.093625 8000 0.196215 11000 0.025896 
12000 0.017928 17000 0.019920 $ Hippocampus

M6 6000 0.668322 7000 0.081430 8000 0.196624 11000 0.019861 
12000 0.017875 17000 0.015889$ Thalamus

M7 6000 0.565097 7000 0.115420 8000 0.200369 11000 0.013850 
12000 0.083102 17000 0.022161 $ Cerebellum

As given above, M1 is the definition of material number 
and 6000 is the coding of the atomic number of Carbon 
since the atomic number of Carbon is 6. Finally, the 
value of 0.666337 is the elemental mass fraction of 
Carbon in the Frontal cortex. The rest of the M1 encoding 
can be considered and handled in this way.  The mass 
attenuation coefficients of different brain regions were 
measured in a narrow beam transmission geometry using 
a point isotropic source with the collimated and mono-
energetic beam. The radiation energy value of the point 
isotropic source has been defined for the 100 keV, 110 
keV, 120 keV, 130 keV and 140 keV photon energies for 
each calculation, respectively. In the present MCNPX 
simulation, to obtain the absorbed dose amount in the 
detection field, average flux tally (F4) was employed. 
This kind of tally mash calculates the sum of the average 
flux in the cell. The analysis of recent investigation 
was performed using the D00205ALLCP03 MCNPXDATA 
package is comprised of DLC-200/MCNPDATA cross-
section libraries. This library typically extends ENDF/B-
VI data from 20 MeV to 150 MeV. The initial quantity of 
gamma ray is set as 108 particles. The mass attenuation 
coefficient calculations were done by using Intel® Core™ 
i7 CPU 2.80 GHz computer hardware. Finally, the error 
rate has been observed less than 0.1% in the output file. 
The total simulation geometry of the present investigation 
for the mass attenuation coefficient calculations can be 
seen in Figure 1.

Figure 1. Total simulation geometry

In addition, a cross-sectional screenshot of the MCNPX 
Monte Carlo code is given in figure 2.

Figure 2. Cross-sectional screenshot of MCNPX 
simulation geometry

2.2. Mass attenuation coefficients 

The mass attenuation coefficient (µ/ρ) of a brain region 
at a certain energy is the sum of the products of the 
weight fraction and the mass attenuation coefficient of the 
element i at that energy namely (Chantima & Kaewkhao, 
2013).

where wi and (μ/ρ)i are the fractional weight and the 
total mass attenuation coefficient of the ith constituent in 
the brain region. The mass attenuation coefficients of the 
elements constituting the brain region at certain energy 
were obtained from XCOM program (Berger et al., 1987).

3. Results and Discussions

The molecular formula of the different brain regions 
investigated in this study is presented in Table 1. The 
table also indicates the composition of each brain 
regions such as Frontal cortex, Occipital cortex, Parietal 
cortex, Temporal cortex, Hippocampus, Thalamus, and 
Cerebellum. 
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Table 1. The brain regions and their elemental mass 
fractions (%)

The mass attenuation coefficients (µ/ρ) for all brain 
regions have been calculated by MCNPX code for the 
100 keV, 110 keV, 120 keV, 130 keV and 140 keV photon 
energies. Moreover, to prove the validity of the MCNPX 
results, we calculated the (µ/ρ) for the brain regions by 
XCOM program. The obtained results have been presented 
in Table 2.

Table 2. Mass attenuation coefficients of brain regions

The table also underlines the high correlation between 
the (µ/ρ) values calculated by MCNPX and XCOM for all 
brain regions under investigation. Aside from the tables 
given above, the investigation of the seven brain region 
response to the energy levels was worth focusing. As 
given in Fig 3 and Fig 4, it can be seen that the (µ/ρ) 
values were reduced exponentially with the increment of 
photon energy, and this indicates the increase of total 
interaction.

Figure 3. XCOM Mass Attenuation Coefficients for 
Various Radiation Energy Levels in Seven Brain Regions

Figure 4. MCNPX Mass Attenuation Coefficients for 
Various Radiation Energy Levels in Seven Brain Regions

This behavior in (µ/ρ) was observed for all types of 
the brain regions. The small difference in the values of 
(µ/ρ) using MCNPX and XCOM establish the validity of the 
present MCNPX code. Furthermore, it is to be noted that, 
the attenuation behaviors of each brain regions observed 
similarly that is definitely due to similar elemental 
compositions of brain parts. However, Cerebellum has 
the highest mass attenuation coefficients in the studied 
radiological energy values. This can be explained by 
the elemental mass fraction value of Chlorine (Cl) in 
Cerebellum. Since the mass fraction of Chlorine is higher 
in Cerebellum, this behavior can be related to the effect 
of the atomic number on radiation attenuation. Therefore, 
Cerebellum might be expected to highest reducing the 
diagnostic X-rays energy, One can say that intensity of 
diagnostic radiation can be more attenuated in Cerebellum 
than in the rest of the brain regions during the brain CT or 
brain PET examinations. 

4. Conclusion

It can be concluded that MCNPX code is one of the major 
and efficient codes for mass attenuation coefficients in 
low energy region and can be used for similar future 
studies where experimental conditions and data are 
not available. The data from the present paper would 
be useful for use of standard simulation geometry and 
mass attenuation coefficients for medical physics as well 
as the applications of radiation physics. It can be also 
concluded that calculated mass attenuation coefficients of 
different brain regions can be very useful for calculations 
of absorbed radiation dose values during the CT scans 
and other medical radiation studies.

Brain 
Region

100 keV 110 keV 120 keV 130 keV 140 keV

XCOM MC-
NPX

XCOM MC-
NPX

XCOM MC-
NPX

XCOM MCNPX XCOM MCNPX

Frontal 
cortex

0.1536 0.1545 0.1491 0.1499 0.1451 0.1457 0.1415 0.1422 0.1383 0.1387

Occipital 
cortex

0.1538 0.1544 0.1492 0.1501 0.1452 0.1459 0.1416 0.1421 0.1383 0.1384

Parietal 
cortex

0.1533 0.1542 0.1489 0.1496 0.1449 0.1456 0.1414 0.1420 0.1382 0.1378

Temporal 
cortex

0.1535 0.1546 0.1490 0.1500 0.1451 0.1461 0.1415 0.1423 0.1383 0.1380

Hippocam-
pus

0.1538 0.1550 0.1492 0.1506 0.1452 0.1462 0.1416 0.1425 0.1383 0.1382

Thalamus 0.1535 0.1547 0.1490 0.1498 0.1450 0.1456 0.1415 0.1423 0.1382 0.1384

Cerebellum 0.1550 0.1561 0.1501 0.1514 0.1459 0.1511 0.1421 0.1432 0.1388 0.1391

Correlation 0.9407 0.9433 0.9678 0.9410 0.7750

Brain 
Region

Carbon 
(C)

Nitrogen 
(N)

Oxygen 
(O)

Sodium 
(Na)

Magnesium 
(Mg)

Chlorine 
(Cl)

Frontal 
cortex

0.6663 0.0782 0.1990 0.0238 0.0149 0.0178

Occipital 
cortex

0.6571 0.1015 0.1921 0.0118 0.0158 0.0217

Parietal 
cortex

0.6803 0.0879 0.1878 0.0180 0.0110 0.0150

Tempo-
ral cortex

0.6643 0.0827 0.2072 0.0169 0.0110 0.0179

Hip-
pocam-

pus

0.6464 0.0936 0.1962 0.0259 0.0179 0.0199

Thala-
mus

0.6683 0.0814 0.1966 0.0199 0.0179 0.0159

Cerebel-
lum

0.5651 0.1154 0.2004 0.0139 0.0831 0.0222
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