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Radiation physics has been an important subject for researchers as it is used especially in medical fields for
different purposes and also due to its hazardous effects. This study is aimed to investigate the mass attenuation
coefficient of some organs and the radiation absorption effects of adipose tissue on computed tomography scan in
different radiological energies using MCNPX (version 2.6.0) general purpose Monte Carlo code. This simulation
was done by selecting organs from the cranium, thorax and abdominal anatomical regions. Additionally, the mass
attenuation coefficient of adipose tissue was calculated to determine the relationship between radiation reduction
rates of anatomical regions and adipose tissue thickness. On the other hand, the radiation attenuation quantities
of the selected computed tomography regions were calculated, showing the effect of adipose tissue on these mea-
surements. The MCNPX simulations were compared with the results obtained by XCOM data to ensure validation
of this simulation geometry and a good agreement was observed.
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1. Introduction

Computed tomography (CT) is a diagnostic device
that visualizes the body in cross-sectional images using
X-rays. The principle of creating a CT image is that
the amount of light that passes through the anatomical
region of the patient, which is emitted from the X-ray
source, is measured by the detectors on the device.
Although the radiation dose used during computed to-
mography imaging is directly related to image quality,
it can also cause biological effects of radiation in patients.
Types of ionizing radiation (such as X-rays and gamma
rays) cause detrimental effects in living cells, tissues, and
organisms. Therefore, the protection against detrimental
radiation is important. The interaction of the gamma ray
with a medium is associated with the Lambert—Beer law
I = Iye ", where I and Iy represent the light intensity
after it passes through the target material and the initial
light intensity coming to the target material, respectively.
Next, 4 (cm™1) is linear attenuation coefficient of the ma-
terial, and ¢ (cm) represents the thickness of the target
material. The contrast of the CT image depends upon
photon attenuation of body regions [1]. The literature
review showed that various studies have been performed
regarding attenuation properties of different material en-
vironments. Akkurt et al. [2] have calculated the linear
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attenuation coefficients and total mass attenuation coef-
ficients of gamma rays for barite, marble, and limra using
XCOM. They compared XCOM results with experimen-
tal results measured by Nal detector. Tekin et al. [3]
have investigated the effect of the shielding properties of
WO3 and PbO on the radiation mass attenuation coef-
ficients using MCNPX (version 2.4.0). Tekin et al. [4]
have conducted a study demonstrating the validation of
MCNPX results with experimental results of mass atten-
uation coefficients of mixtures of cement, gypsum, and
gypsium-PbCOs.

In recent years, the increasing popularity of simulation
methods has involved the difficulty of working on living
organs and the fact that these studies are not always
possible. This has contributed to the research on liv-
ing organs by the simulation method. DeMarco et al. [5]
have developed a graphical user interface that auto-
matically adjusts the MCNP4A geometry and radia-
tion source requirements for a three-dimensional Monte
Carlo simulation using CT data. This user inter-
face allows homogeneous or heterogeneous dose calcu-
lations in individual voxel elements. Yoriyaz et al. [6]
have developed the MCNP-4B code with the Monte
Carlo method as a new three-dimensional dose calcula-
tion approach in the use of radioimmunotherapy inter-
nal radiation source. Stoeckelhuber et al. [7] have con-
ducted a study on the measurement of the radiation dose
at the operator’s hand during interventions conducted
under the guidance of CT fluoroscopy.

This study showed that the procedure should be com-
pleted as soon as possible during the CT fluoroscopic
procedure, and established the importance of length
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of the needle holder and radiation shielding materials.
Salvado et al. [§] have aimed to develop and validate
a method for calculating radiation doses during CT
examinations using a voxel-based Monte Carlo simula-
tion method. Peixoto et al. [9] have studied the cre-
ation of a tomographic model of male wistar rats us-
ing CT images to use in radiation transmission stud-
ies. Morato et al. [10] have aimed to develop an auto-
mated methodology to calculate the dose received by
a patient exposed to ionizing radiation during CT scans.
Tekin et al. [11] have calculated the mass attenuation co-
efficients of the human body organs using the MCNPX
Monte Carlo code and compared the results with XCOM,
FLUKA, GEANT4, and NIST data. However, no study
has been performed on attenuation properties anatomi-
cal regions at CT scan energies. There are also a number
of studies done for medical applications [12-16].

This has encouraged us to generate a simulation
setup and investigate the attenuation properties consid-
ering the chemical properties of investigated organs and
tissues.

2. Materials and method

In this study, the mass attenuation coefficients of some
organs in anatomical regions of CT scans and the amount
of radiation attenuation due to the thickness of these re-
gions were investigated and the results were compared
with standard XCOM data. Monte Carlo N-particle
Transport Code Extended (MCNPX version 2.6.0) was
utilized for calculating the mass attenuation coefficients
and compared with XCOM-NIST (National Institute of
Standards and Technology) data.

2.1. MCNPX Monte Carlo code

In this study, cranium, thorax, and abdominal regions
were defined in the input file as the anatomical region.
On the other hand, brain tissue, lung tissue, and liver
tissue were selected from these anatomic regions, respec-
tively, in order to calculate radiation mass attenuation
coefficients using MCNPX (version 2.4.0). In addition,
measurements were made for the radiation mass atten-
uation coefficient of the adipose (fat) tissue to examine
the effects of the radiation reduction in the thoracic and
abdominal anatomic regions. All calculations were per-
formed by using Intel® Core™i5 CPU 2.71 GHz computer
hardware. MCNPX is a general purpose Monte Carlo
code used for modeling radiation interactions between
different radiation types and materials. The validation
of MCNPX Monte Carlo code for investigation of radi-
ation mass attenuation coefficients for different types of
materials such as nanomaterials, glasses, concretes, mix-
tures, and living biological tissues have been investigated
in the literature [17-24]. MCNPX input file has defini-
tions of cell card, surface card, material card, features of
energy sources, and positions of each component which
form the simulation geometry.

2.2. Forming geometry for the calculation
of radiation mass attenuation coefficients

To calculate the radiation mass attenuation coeffi-
cients, the defined tissues (brain, lung, liver, and adi-
pose tissue) were modeled with MCNPX code and Fig. 1
shows the simulation model for calculating the radiation
mass attenuation coefficients of brain, lung, liver, and
adipose tissues. The simulation design and screenshot
obtained from visualization tool of MCNP can also be
seen in Fig. 2.

As shown in Fig. 2, the energy source is located be-
tween the lead collimators. The sample material is po-
sitioned in the lead collimator and a detector system is
placed behind the sample cell. The measurements were
performed using mono-energetic beam point isotropic ra-
diation source. The isotropic source is defined in the ra-
diological 0.08, 0.10, 0.12, 0.14, 0.511, 0.662, 1.173, 1.274,
and 1.333 MeV energies, respectively. In this study,
F4 average flux tally has been employed to quantify ab-
sorbed dose in detector area. The elemental mass frac-
tions of each tissue and the densities of the tissues were
used in defining the tissue sample cell.

2.8. Forming geometry for the calculation of radiation
attenuation of anatomical CT regions

Cells and surfaces are defined in the MC input file while
the cranium, thorax, and abdomen anatomical region
geometry is constructed. Material identifications were
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Fig. 1. Total simulation geometry to calculate mass at-
tenuation coefficient of tissue samples.

Fig. 2.

Screenshot of MCNPX simulation setup.
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TABLE I
Elemental fractions and densities of tissues in cranium, thorax and abdomen anatomical regions [25, 26].
H c | ~| o | Na|Mg| P | s | | K | ca | Domsitye
g/cm”’]
brain (adult) 10.7 14.5 2.2 71.2 0.2 - 0.4 0.2 0.3 0.3 - 1.04
cranium 5.0 21.2 4.0 43.5 0.1 0.2 8.1 0.3 - - 17.6 1.61
skin (adult) 10.0 20.4 4.2 64.5 0.2 - 0.1 0.2 0.3 0.1 - 1.09
lung (healthy) 10.3 10.5 3.1 74.9 0.2 - 0.2 0.3 0.3 0.2 - 0.26
hearth 10.4 13.9 2.9 71.8 0.1 - 0.2 0.2 0.2 0.3 - 1.05
vertebrae 7.0 28.7 3.8 43.7 - 0.1 5.1 0.2 0.1 0.1 11.1 0.1
ribs 6.4 26.3 3.9 43.6 0.1 0.1 6.0 0.3 0.1 0.1 13.1 1.41
breast 10.6 33.2 3.0 52.7 0.1 - 0.1 0.2 0.1 - - 1.02
liver 10.2 13.9 3.0 71.6 0.2 - 0.3 0.3 0.2 0.3 - 1.06
pancreas 10.6 16.9 2.2 69.4 0.2 - 0.2 0.1 0.2 0.2 - 1.04
gall bladder 10.8 6.1 0.1 82.2 0.4 - - - 0.4 - - 1.026
stomach 10.4 13.9 2.9 72.1 0.1 0.1 0.2 - 0.1 0.2 1.05 1.05
kidney 10.3 13.2 3.0 72.4 0.2 - 0.2 0.2 0.2 0.2 0.1 1.05
spleen 10.3 11.3 3.2 74.1 0.1 - 0.3 0.2 0.2 0.3 - 1.06
intestine 10.6 11.5 2.2 75.1 0.1 0.1 0.1 - 0.2 0.1 - 1.04
adipose 11.4 59.8 0.7 27.8 0.1 - 0.1 - 0.1 - - 0.91
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Fig. 3. Cranium anatomic region simulation in MC-

NPX Visual Editor Version X228S.

performed with the tissue/organ elemental fractions and
densities. In the present study, some organs and tissues
which are placed in the cranium, thorax and abdomen
anatomical region, respectively, have been defined con-
sidering the elemental mass fractions and densities are
given in Table L.

The cranium region simulation design obtained from
visualization tool of MCNP can also be seen in Fig. 3.
Radiation attenuation quantities of CT anatomic region
of the cranium were determined and measurements were
taken by increasing the axial brain diameter from 17.6 cm
to 19.4 cm by 0.6 cm steps. The frontal and back view of
the body of the thorax and abdominal regions obtained in
MCNPX Visual Editor Version X22S is shown in Figs. 4
and 5, respectively.

2.4. Validation of MCNP-X

To calculate the radiation mass attenuation coeffi-
cients, the defined tissues were modeled with MCNPX
and the radiation mass attenuation coefficients in the ra-
diological energy ranges (0.08, 0.10, 0.12, 0.14, 0.511,
0.662, 1.173, 1.274, and 1.333 MeV). The results were
compared with standard XCOM data.

3. Results

The radiation mass attenuation coefficients of
the brain, lung, liver, and adipose tissues at 0.08, 0.10,
0.12, 0.14, 0.511, 0.662, 1.173, 1.274, and 1.333 MeV were
calculated by MCNPX and XCOM programs and the fol-
lowing graphs were obtained. Figure 6 shows the MC-
NPX results and compared with standard XCOM data,
respectively. This Fig. 6 shows a validation between MC-
NPX and XCOM results.
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Fig. 7. The amount of dose passing through (a) cra-
nium, (b) thorax, and (c¢) abdominal anatomic re-
gions at 0.08, 0.10, 0.12, and 0.14 MeV, depending on
the thickness of the regions.
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Figure 7 shows the results of changes in radia-
tion attenuation amount depending on the thickness of
the brain, thorax, and abdominal regions for CT mea-
surements at 0.08, 0.10, 0.12, and 0.14 MeV. Slight
differences have been obtained between MCNPX and
XCOM results. This can be due to statistical differ-
ences, data library, and the number of particle tracks
in the simulation.

4. Discussion

The mass attenuation coefficient results obtained by
MCNPX simulation of brain, lung, liver, and adipose tis-
sues and standard XCOM data were compared (Fig. 6).
This match is important for the validation of the gener-
ated MCNPX input. In Fig. 7a, it is clear that the mea-
sured dose decreases due to the thickness of the cra-
nium anatomic region. In Fig. 7b, it can be seen that
the increased volume of breast tissue in thorax region due
to the physiological or anatomical structure of the pa-
tient, or due to its weight, increases the absorbed dose in
the thorax region and causes the dose of radiation reach-
ing the detectors to decrease. This study for the thorax
region was associated with adipose tissue thickening in
the abdominal region due to obesity. In Fig. 7c, it is
can be seen that thickening of adipose tissue in the ab-
dominal region has increased the radiation attenuation
coefficient. In Fig. 7, it is seen that there is an inverse
proportion between the thickness of the CT anatomic re-
gion and the amount of radiation reaching the detector
through this region. The amount of radiation reaching
the detector is reduced due to the increased thickness
through which the beam passes. Comparison of the ener-
gies shows that, as the amount of radiological energy used
increases, the amount of radiation passing through the re-
gion increases. At the same radiation energy value, more
energy is delivered to the detectors with low thickness.

5. Conclusion

In CT imaging protocols, specific radiation doses are
applied to each anatomical region and to the physiologi-
cal state of the patient. In some special cases, like obe-
sity, the thickening of adipose tissue due to obesity in
the abdominal region increases the radiation attenuation
coeflicient and in this case, the aim is to create CT images
with high resolution and high image quality with more
higher radiation beam. However, this dose, which is in-
creased due to adipose tissue, also increases the amount
of radiation the patient is exposed to and causes more
dose absorptions in the anatomical region of the patient.
With the ALARA (as low as reasonably achievable) prin-
ciple, considering the possible biological effects of radi-
ation, these results should be considered in cases where
CT dose parameters should be increased. The optimal
dose range for optimal quality and patient safety must
be selected with optimization.
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