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Introduction: The present study was conducted with the aim of designing a liver phantom for 
dosimetry. To benchmark the results obtained by the developed liver phantom, another method was 
applied for the dosimetry of a real liver tissue using imaging.  
Materials and Methods: For the purpose of the study, a real liver tissue was converted into a phantom 
based on the gram-molecular weight of the components of human liver tissue, mass percentage, and 
density, and then simulated by MCNPX code for dosimetry. The real liver tissue was contoured using 
the computed tomography DICOM images of the abdomen region. Subsequently, the accurate geometry 
of the segmented liver tissue was generated and simulated by MATLAB software and MCNPX code for 
dosimetric purposes. Then, the obtained data were transferred into the MCNPX code. 
Results: Equivalent dose was measured in total and for each component of the liver phantom and 
separated liver tissue. The results obtained from these two simulations were compared with each 
other to validate the efficiency of the phantom and evaluated the differences.  
Conclusion: The comparison of the equivalent doses obtained from the prepared equivalent liver 
phantom and the real liver tissue revealed the applicability of the liver phantom as a virtual liver for 
dosimetry. 
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Introduction 
The liver tissue is one of the most sensitive organs 

of human body. Nowadays, the liver cancer is one of 
the most common cancers all over the world [1]. 
During radiotherapy, it is always essential to limit the 
dose to the normal tissues. On the other hand, the 
measurement and evaluation of absorbed dose is an 
issue of fundamental importance. Regarding this, a 
phantom modeling might be very useful for dose 
calculation before the implementation of the 
treatment. MCNPX code is an appropriate software 
tool facilitating this aim [2].  

Some phantoms, such as MIRD, test phantom, and 
water phantom, are applicable for dosimetry. The 
MIRD and the Stylized Family phantoms were the first 
anthropomorphic phantoms; however, they 
represented the internal organs with simple 
mathematical equations [3]. The test phantoms are 
mainly comprised of cubes and isocenter circles 
applied for testing the accuracy of dose calculation. 
Currently, water phantoms are employed for clinical 
dosimetry. This phantom contains a water chamber, 
and a counter is placed at its various points [4, 5 6]. 

The existing liver phantoms used for dosimetric 
purposes have limitations. For instance, one of the 
models is a small-scale dosimetry model for various 

source-target combinations inside the micro-
architecture of human liver [6 5]. Another model is 
the simulation of the liver lobule consisting of a single 
usual hepatic lobule. These phantoms usually 
measure absorbed dose with a noticeable degree of 
uncertainty. 

Cancer therapy by X-ray photons is one of the 
most common therapeutic courses in medical 
radiation.  

The present study was conducted with the aim of 
designing a new liver phantom as a substitute for real 
human liver that can be applicable for dosimetry in 
order to investigate the beam behavior in the liver 
tissue. To verify the efficiency of the developed liver 
phantom, a quite different dosimetric method was 
applied for a real liver tissue using the DICOM images 
of computed tomography (CT) scan. Subsequently, the 
dosimetry results obtained from the designed 
phantom and the real liver tissue were compared. 

 

Materials and Methods 
Design and simulation of phantom by MCNPX code 

In this study, a spherical model of liver phantom 
was defined and simulated by MCNPX code. This 
phantom can have variable radii; in other words, it can 
be bigger or smaller than the dimensions applied in 
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this investigation. It is very difficult to determine the 
geometry and precise volume of the real liver tissue 
due to its non-uniform shape. Since the main aim of the 
research was to turn the real liver tissue into a 
hypothetical model, a spherical model was considered 
due to its symmetry. This model consisted of materials 
analogous to the components of a human liver tissue 
(weighing 2 kg), and each layer of the model met the 
related dimension. 

This model of phantom had compositions and 
components similar to those of a human liver tissue 
(Table 1). After analyzing the structural components of 
the liver tissue based on their mass percentage and 
density into their constituent elements, consisting of 
hydrogen, oxygen, carbon, sulfur, and nitrogen, the 
amounts of these elements were calculated as 
accurately as possible. The calculation procedure of 
material amounts and determination of the prepared 
model dimensions were carried out based on the 
calculation of the gram-molecular weight of the 
existing materials in the human liver tissue. 

The liver tissue is the second largest single organ in 
the body (after skin), weighing 2 kg (more than 1.44 
kg) in an average and healthy adult [7 9]. The normal 
width, height, and depth of the human liver tissue are 
almost 21-22.5, 15-17.5, and 10-12.5 cm, respectively 
[8 10]. The advantage of the proposed spherical model 
is that this model is simple and flexible, consisting of all 
constituent materials in a real liver tissue. Moreover, 
the beam path has accurately been considered in this 
phantom. The laboratory experiments provided the 
precise molecular components of the liver tissue. The 
equivalent materials of the simulated liver are 
tabulated in Table 1. 

 
Table 1. Molecular composition and structural materials of a real liver 
tissue [7 9] 
 

Material Mass percentage 
Water 69.69% 
Glycogen (C24H42O21) 0.35% 
Protein and Glucose 
(C44189H71252N12428O14007S321 
and C6H12O6) 

29.9% 

 
Each of the existing components in the liver tissue 

was decomposed into its constituent elements. This 
decomposition was carried out based on the gram-
molecular weight of existing components in the human 
liver tissue, mass percentage, and density of each 
element. Then, the accurate mass of every decomposed 
element (i.e., H, O, C, N, and S), existing in the 
constituent materials of the liver tissue, was accorded 
with the mass of the phantom components. 

After decomposing the structural components of the 
liver tissue, the amounts of H and O were incorporated 
into the water. Furthermore, the amounts of other 
elements, namely C, S, and N, were calculated as 
accurately as possible. The phantom was configured by 
using a water sphere at the center, followed by an inner 
layer of carbon and a thin layer of sulfur, respectively. 

The whole body of phantom was encased in an outer 
carbon layer as a spherical shell. The large space, 
locating between this shell and the sulfur layer, was 
completely filled up with nitrogen gas.  

The main reasons of the consideration of the 
mentioned arrangement in the phantom were as 
follows:  

 Water was located at the middle of the 
phantom due to its physical state (fluidity) and 
because of considering water sphere as an 
integrated shape and not a layer.  

 High-energy photons can cause the water 
molecule to be broken off, resulting in the 
release of the hydrogen atom (H+ ion) into 
other parts.  

 Since one of the elements extracted from the 
decomposition of the liver tissue was carbon, 
its amount was taken apart into both inner 
and outer layers. The main part of carbon was 
included in the inner layer around the water 
sphere (thicker part), and the thinner part was 
attributed to the outer layer (i.e., shell) of the 
phantom because of having the role of a case 
for the phantom.  

 Regarding the low amount of sulfur as the 
componential element of the liver tissue, the 
inner carbon layer was surrounded by a very 
thin sulfur layer.  

 Nitrogen composed the major part of the 
decomposed elements of the liver tissue. 
Given its gas state, the photons emitted from 
the source are able to cross this element to 
reach the first inner layer of the phantom.  

Although the decomposition into various 
components may result in loosing the mixture 
homogenization, the phantom model was intended a 
new approach to be adopted designed for dosimetry in 
all components of the phantom and the liver tissue. The 
phantom was designed using the materials analogous 
to the components of a real liver tissue. In addition, 
each layer was accorded with the given dimension and 
filled up with the related material.  

The phantom was comprised of a water sphere 
with a considered radius of 2.73 cm. The water sphere 
was covered with a layer of carbon (Table 2) with the 
hypothetical outer radius and thickness of 3.43 cm and 
7 mm, respectively. There was an outer thin layer of 
sulfur with the thickness of 200 μm, covering the 
surface of the carbon layer. This set was wholly 
encased in a spherical shell of carbon as a reflector with 
the inner radius and thickness of 27.00 cm and 3.3 mm, 
respectively.  

The blank space between sulfur layer and carbon 
shell was filled up with nitrogen gas. The space had the 
inner and outer radii of 3.45 and 27.00 cm, 
respectively. 

The equivalent dose obtained for each of the 
portions could be generalized across the phantom. 
Water composes the main part of the liver tissue (i.e., 
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almost 70%), and it is not considered as an 
inhomogeneous material [9 11].  

The mass of each element, as well as the 
thicknesses and radii of hypothetical spheres are 
illustrated in Table 2. 

 

Table 2. Mass, outside radius, and thickness of the analyzed elements 
 

Thickness 
(cm) 

Outer radius of related 
sphere (cm) 

Mass 
(gram) 

Elements 

0.7 3.43 (inner carbon shell) 
316.93 C 

0.33 27.33 (outer carbon shell) 

0.02 3.45 6.08 S 

23.55 27.00 102.94 N 

Incorporated into the water sphere with a 
radius of 2.73 cm 

198.90 H 

1373.93 O 

 
The phantom was comprised of a water sphere 

with a considered radius of 2.73 cm. The water sphere 
was covered with a layer of carbon (Table 2) with the 
hypothetical outer radius and thickness of 3.43 cm and 
7 mm, respectively. There was an outer thin layer of 
sulfur with the thickness of 200 μm, covering the 
surface of the carbon layer. This set was wholly 
encased in a spherical shell of carbon as a reflector with 
the inner radius and thickness of 27.00 cm and 3.3 mm, 
respectively.  

The blank space between sulfur layer and carbon 
shell was filled up with nitrogen gas. The space had the 
inner and outer radii of 3.45 and 27.00 cm, 
respectively. To better design this phantom, a 
hypothetical narrow beam path was also precisely 
considered as a cylindrical tube within the adipose 
tissue located in front of the liver tissue through which 
photons passed to reach the liver tissue.  

In this study, the simulation was not limited to the 
inner parts of the liver phantom, because after the 
outermost layer (i.e., the shell around the phantom) 
where the photon beam path is, the width of this path 
is considered as the distance between clinical source 
and liver tissue, and the materials of it are considered 
as input data into the MCNPX code too. In other words, 
the X-ray photon passes across this cylindrical tube. 

The path had a cylindrical form to play the role of a 
collimator. One of the most important tissues, laying in 
front of the liver, is adipose tissue. The adipose tissue is 
comprised of water, fat, and protein [10 12]. Water and 
fat normally constitute more than 90% of the body 
adipose tissue mass [11 13]. The adipose tissues have 
variant thicknesses (e.g., 0-10, 11-20, 21-30, and 31-40 
mm) in different people, depending on their age and 
body mass index. In this investigation, the thickness of 
a normal adult adipose tissue (30 mm) was considered 
for the simulation [12 14]. One of the compositions of 
the adipose tissue is fat, which is a mixture of many 
esterified acids referred as fatty acids.  

Regarding the skin tissue, the average skin 
thickness is lower in females, compared to that in 

males. The pure skin thickness is averagely 1.5 mm 
among males. The skin tissue and subcutaneous tissue 
consist of several parts, such as epidermis, dermis, 
hypodermis, and fat. Skin is a biological tissue 
composed of carbon, oxygen, nitrogen, a variety of 
proteins, water, fat, and salt [13 15]. The distance 
between body surface and liver tissue is around 3 cm in 
a normal body.  

After the decomposition of both adipose and skin 
components into their constituent elements, given the 
mass and volume of each component, the inner and 
outer radii of the beam path were calculated with the 
highest possible accuracy. The mass values of each 
component in this cylindrical path and the path radii 
are shown in Table 3. 

 

 
Table 3. Mass amount of each component and beam path radii  
 

Radii (cm) 
Mass 
(gm) 

Compositions 

Incorporated into a cylindrical path 
with inside and outside radii of 1.5 cm 
and 2.1 cm, respectively 

1.95 Water 

16.72 Fat 

0.40 Protein 

 
The side-view of the liver laying in the abdominal 

tissue and cylindrical beam path is displayed in Figure 
1a. In addition, the schematic view of the liver phantom 
is illustrated in Figure 1b. 

 
 
 
 
 
 

(a) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
(b) 

 
Figure 1. (a) Side-view of the cylindrical tube path and liver tissue 
(b) Schematic view of the liver tissue equivalent phantom 

 

Figure 1a is the sketch of a real liver tissue, along 
with the mentioned X-ray photon beam path. The 
deposited energy in the phantom materials was 
computed by the MCNPX code. Figure 2 depicts the 
phantom simulated by MCNPX code. 
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Figure 2. Liver equivalent phantom simulated by MCNPX code 

 

For the purpose of simulation, the material-related 
and geometric data were entered into the MCNPX code; 
furthermore, the beam path was accurately taken into 
account.  

 
Simulation and dosimetry of a real liver tissue by 
DICOM images, MATLAB software, and MCNPX code 

The CT scan images of a male abdominal tissue 
(aged 45 years) were obtained using 80 keV photons 
applied from one direction at the Cartesian 
coordinates. In this study, the images were considered 
from XZ direction, in which the ventral view of the liver 
appeared. In the next stage, the scanned images were 
converted by MATLAB programming, which made a 
large number of volumes as voxels to build up full 
geometry of the tissue.  

Each voxel was completely homogeneous and filled 
up with the related material (existing materials in the 
abdominal tissue) that had specific radiodensity, and 
each radiodensity was accurately correlated with that 
of the voxel. 

After voxelization, the radiodensities of the organs 
in the abdominal tissue, having a large number of 
voxels, were defined, and the HU values were assigned 
to the generated voxels (Figure 3). Every part such as 
fat, bone, air, and water had its own radiodensity, 
defined based on the HU of each voxel. The HU values 
of other tissues were defined at the MATLAB software, 
and they were added to the previously defined 
materials. 

All tissues located in the abdominal region were 
defined by these voxels. Each voxel had a specific CT 
number; therefore, each radiodensity was accurately 
correlated with CT number of the voxel. The Hounsfield 
unit (HU) values of some other body tissues were 
defined at the MATLAB software, and they were added 
to the previously defined materials. 

 

Determination of the type of materials filling up the 
voxels 

Type of each tissue was recognized by the 
mentioned program based on the level of grayness and 
CT number of all pixels in DICOM images. The existing 
voxels in the liver area were quite homogeneous and 
filled up with the constituent materials of the liver 
tissue [14 16]. All of the existing organs in the 
abdominal region were defined for the program 
according to the CT number or HU value using the 
following equation [15 17]: 

 

HU =
𝜇𝑋−𝜇water

𝜇water−𝜇air
× 1000                                           (1)  

 
where, µX is linear attenuation coefficient for material 

X, µwater is linear attenuation coefficient of water, and  
µair is linear attenuation coefficient of air.  
Tables 4 and 5 demonstrate the values of HU and 

linear attenuation coefficient for some of the tissues, 
respectively. 

 
Table 4. Hounsfield unit values for some tissues and materials [16 18] 
 

Hounsfield unit Tissue (material) 
-1000 Air 
-100 Fat 

0 Water 
+40 Muscle 
+40 Blood 

≈>400 (>1200) Bone 
2640 (at 60keV) Aluminum 

 
 

Table 5.  Linear attenuation coefficient values (in cm-1) for some 
tissues at different energies of X-ray photon [16 18] 
 

100 keV 80 keV 60 keV 40 keV Tissue (material) 

0.160 0.171 0.188 0.228 Fat 

0.171 0.184 0.206 0.268 Water 

0.356 0.428 0.604 1.28 Bone 

0.460 0.545 0.750 1.535 Aluminum 

1.235 1.840 3.48 10.05 Titanium 

 
The HU values for some of the tissues are tabulated 

in Table 6. 
 

Table 6. Hounsfield unit values (at 80 keV) for various body tissues 
calculated for MATLAB programming [16 18] 
 

Hounsfield unit Tissue 
-880 Lung 
-150 Breast 

-2 Liquid 
1 Soft 

100 Muscle 
1851850 Bone 

 
Contouring and separation of the voxelized liver 
tissue  

In the programming, there were a large number of 
volumes as lattice to build up the geometry of the 
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tissue. There was a big lattice specified so that it could 
be divided into very small lattices. The resolution of 
small lattices might be arbitrary. In this study, the 
resolution of each small lattice was considered as 1 
mm3 since the minimum resolution of clinical X-ray 
imaging machine applied in this project was 1 mm3. 
After voxelization and filling up the abdominal tissue 
with the given materials, the liver tissue was contoured 
and separated from other tissues located in the 
abdominal region. This contouring was carried out by 
filling up the rest of the existing materials in other parts 
with air. 

 
Transferring data into MCNPX code and dose 
calculation 

The accurate geometry of the separated liver tissue 
was generated by the MATLAB software as input data, 
and then transferred into the MCNPX code.  

Then, the materials existing in the liver tissue 
(rather than those in other soft tissues) were defined as 
input data for MCNPX. Subsequently, the MCNPX 
program was run, and the accurate equivalent doses 
were obtained. The color of the reconstructed images 
was automatically determined by MCNPX code based 
on the material number at the organs of abdominal 
tissue. 

 

Results 
Some plots of abdominal region, converted by 
MATLAB software and MCNPX code, were 
consecutively illustrated in four stages as shown in 
Figure 4. 

 

 

 
 

Figure 3. Generation of data by MATLAB program and their transference to MCNPX code 
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Figure 4. (a) Image of abdominal tissue slice using computed tomography scanning, (b) Image of abdominal tissue converted by 

MATLAB from computed tomography image, (c) Image of abdominal tissue converted by MCNPX from MATLAB , (d) Image of separated 
segmented liver tissue shown by MCNPX 

 

 

Figure 5. Views of the liver phantom, real liver tissue, and separated segmented liver tissue 

 
As observed in figures 4c and 4d, the liver tissue 

was determined in red. Figure 5 illustrates the 
equivalence among the real liver tissue, liver phantom, 
and separated segmented liver tissue (produced by 
both MATLAB and MCNPX code), resulting from the 
two simulations performed in this study. 

To validate the efficiency of the phantom, equivalent 
doses were measured in total and for each component 
of the liver phantom and separated segmented liver 
tissue and compared with each other, considering the 
weighting factor of 1 for X-ray photons.  

Figures 6-7 show the total amounts of equivalent 
doses in the liver phantom and the separated 
segmented liver tissue and also the relative error 
between two models, respectively. 

The amounts of equivalent doses in the 
constituent elements of the liver phantom and the 
separated segmented liver tissue are illustrated in 
Figure 8. In addition, the differences between the 
two models are evaluated and shown in figures 9-12. 
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Figure 6. Total amounts of equivalent doses in both the separated real liver tissue and the liver phantom 
 

 
Figure 7. Relative error between two models for the total amounts of equivalent doses 
 

 

Figure 8. Equivalent doses in the components of liver phantom and separated segmented liver tissue 
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Figure 9. Relative error between two models for water 

 

 
  Figure 10. Relative error between two models for carbon 
 

 
Figure 11. Relative error between two models for sulfur 

 
 

 
Figure 12. Relative error between two models for nitrogen 
 
 

Discussion 
In this study, a new liver phantom was designed 

using the equivalent tissue substitutes based on the 
gram-molecular weight, mass percentage, and 
density of the human liver tissue components. The 
designed phantom was simulated by MCNPX code 
and exposed by X-ray within the energy range of 1-
16 MeV. Thereafter, the dosimetry of the existing 
materials was carried out in the phantom. In a 
different section of the research, the DICOM images 
of an abdominal tissue were considered.  

With the aid of MATLAB software and DICOM 
images and using MCNPX code, the liver tissue 
surrounded by abdominal tissue was separated, and 
then irradiated by photon-X similar to the liver 
phantom. The dosimetry of the existing materials 
was also performed in the separated liver tissue. 
Finally, the obtained equivalent doses of the liver 
phantom and liver tissue components were 
compared with each other. The results revealed that 
this liver phantom can be applicable for dosimetry 
and investigating the behavior of photons on human 
liver tissue. 

Based on Figure 6, within the energy range of 1-
16 MeV (although the course of therapy by high-
energy X-ray photons is outdated), the calculated 
total equivalent dose in the liver phantom was 
roughly similar to that of the real liver tissue, and 
their derived graphs were almost analogous. As 
indicated in figures 6 and 8, the maximum value of 
equivalent dose is escalated in almost 5 MeV. 
According to Figure 8, it can be concluded that water 
received the major amount of equivalent doses, and 
carbon, nitrogen, and sulfur received lower amounts, 
respectively. 

It was also concluded that in proportion to the 
value of photon energy, the difference between 
equivalent doses for nitrogen was bigger than that 
for all other elements. On of the limitations of this 
study was the lack of reference values for some 
tissues, such as gallbladder wall and major blood 
vessels. Furthermore, modeling of the thin tissues, 
like skin and oral mucosa, was not practically 
possible. Additionally, the generation of lattices and 
voxels for the thin tissues required a large computer 
memory space. Moreover, the generation of lattices 
with rectangular shape increased the possibility of 
covering a little portion of other tissues. Therefore, it 
was impossible to define a segmented tissue 
completely close to that tissue, even though 
minimizing the air regions was possible. 

 

Conclusion 
The comparison of the amounts of equivalent 

doses obtained from the prepared liver phantom and 
the real liver tissue revealed a good agreement in 
this regard. Therefore, it was concluded that this 
phantom could be applied for dosimetric purposes 
and studying beam behavior in the liver tissue 
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components. As mentioned previously, in this 
research, a new liver phantom was designed just 
based on the gram-molecular weight, mass 
percentage, and density of the existing compounds 
in the human liver tissue. 

The dimension of the phantom is flexible; 
accordingly, it can be bigger or smaller than the 
applied dimensions in the current investigation. 
These variations might be carried out for bigger or 
smaller size of the liver tissue. This phantom might 
be really equivalent to the dimensions of the livers 
belonging to either adult or adolescent or infant. 
This flexibility facilitates the consideration of a 
cancerous tumor or lump within the liver tissue and 
the decomposition of its constituent elements. In this 
regard, if components of the given tumor are H, O, C, 
S, and N, they are added to the amount of the 
existing elements in the liver tissue; otherwise, they 
are defined as a new layer. Furthermore, if the 
weight of the liver tissue is greater than the mean 
value, the thickness and radius of each sphere will be 
variable. 

Regarding the application of the DICOM images of 
CT scan by dosimetry, it should be taken into 
consideration that this method can be performed for 
every patient through his/her own CT scan images 
to determine the permissible absorbed and 
equivalent doses following all the mentioned 
procedures.  
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