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� A methodology to select tissue equivalent materials for use in CT was proposed.

� Physical properties of different materials were studied.
� TLDs dose and dose distribution were calculated for original and proposed materials.
� B-100 as bone, and water as soft tissue are best substitute materials at 80 kVp.
� Mass attenuation coefficient is determinant for selecting best tissue substitutes.
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a b s t r a c t

This paper reports on the methodology applied to select suitable tissue equivalent materials of an 8-year
phantom for use in computed tomography (CT) examinations. To find the appropriate tissue substitutes,
first physical properties (physical density, electronic density, effective atomic number, mass attenuation
coefficient and CT number) of different materials were studied. Results showed that, the physical
properties of water and polyurethane (as soft tissue), B-100 and polyvinyl chloride (PVC) (as bone) and
polyurethane foam (as lung) agree more with those of original tissues. Then in the next step, the ab-
sorbed doses in the location of 25 thermoluminescent dosimeters (TLDs) as well as dose distribution in
one slice of phantom were calculated for original and these proposed materials by Monte Carlo simu-
lation at different tube voltages. The comparisons suggested that at tube voltages of 80 and 100 kVp
using B-100 as bone, water as soft tissue and polyurethane foam as lung is suitable for dosimetric study
in pediatric CT examinations. In addition, it was concluded that by considering just the mass attenuation
coefficient of different materials, the appropriate tissue equivalent substitutes in each desired X-ray
energy range could be found.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Physical anthropomorphic phantoms have an important role in
radiation dosimetry studies and quality assurance of medical
imaging (Hintenlang et al., 2010). The conceptual basis lying be-
hind the development of a physical or experimental phantom is to
model an organ/tissue or the entire body with the aim to study the
topics related to radiation dosimetry and radiological protection.
This would permit a better understanding of how radiation in-
teracts with biological tissues through various mechanisms of ra-
diation interaction with matter and deposits energy (for radiation
dosimetry applications) (Fisher, 2006).
. Akhlaghi),
(H. Miri Hakimabad).
The analysis of the dose in pediatric radiology is of interest
since growing tissue is generally considered more sensitive to
radiation and in most examinations, a larger portion of the child's
body is included in the primary beam (NCRP, 1989). Age appro-
priate phantoms are required for accurate analysis of pediatric
dosimetry. An adult phantom or even a scaled down version of an
adult phantom is not appropriate for studying pediatric ex-
aminations or for comparing the results to those from mathema-
tical modeling (Bower, 1997).

Hitherto, many physical anthropomorphic phantoms were de-
veloped in academic and corporate settings, but very few dynamic
torso phantoms are commercially available. The majority of organ
dose studies in diagnostic imaging utilize commercially available
anthropomorphic phantoms such as RANDO (The Phantom La-
boratory, Salem, NY) or ATOM phantoms (Computerized Imaging
Reference Systems, Inc, Norfolk, VA). Unfortunately, the
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widespread clinical use of these phantoms has been limited by
their prohibitive costs (Winslow et al., 2009).

The design of an anthropomorphic phantom requires the
careful selection of tissue substitute materials. The materials must
closely match the volume, density and chemical composition
characteristics of the represented tissue for a proper radiological
response at the energy of interest. The materials chosen must be
commercially available, relatively simple to fabricate and main-
tainable for a long period of time (Bower, 1997). Most tissue-
equivalent materials have been designed to match tissue at-
tenuation characteristics at relatively high energies (around 1 MeV
and higher) as required by most of the early applications. Phan-
toms constructed of these materials are therefore expected to re-
spond accurately at these energies, but may not have comparable
tissue equivalence for X-rays with lower energies (Hintenlang
et al., 2010).

Tissue-equivalent materials may be fabricated to simulate a
wide variety of tissues and organs. For radiation dosimetry studies,
at the current state of the art, the differing levels of attenuation
and density do not significantly affect dosimetry results. A single
soft-tissue material is therefore commonly used for all soft-tissues
with the exception of the lung. The lung volume has a similar
elemental composition, but much lower density (o0.32 g cm�3)
than other soft tissues (o1.04 g cm�3). It is frequently considered
based on similar soft-tissue mixtures with the addition of foaming
agents to reduce the density. Skeletal structures are created that
have a higher density. While not common, anatomical physical
phantoms may also incorporate adipose tissues, based on soft-
tissue substitute having a reduced density.

The basis for tissue-equivalent materials for many years has
been mixtures based on common epoxy resins. The epoxy resin
may be combined with a variety of other molecular compounds to
achieve the desired mass attenuation coefficient and density, but it
was difficult to work with. Some anatomical phantoms have made
use of human skeletal tissues for the skeletal structure of the
phantom. These materials are extracted from cadavers and provide
precise bone anatomy for accurate anatomical detail, but since
they have lost bone marrow contents, and dried considerably, they
may not be an accurate tissue for healthy bone like some synthetic
bone materials (Hintenlang et al., 2010).

According to the wide range of tissue equivalent materials used
in physical phantom, which have different responses in diagnostic
energy range, the goal of the current study is to introduce suitable
tissue equivalent materials in diagnostic energy range for an
8-year-old phantom, so that we will be able to construct a physical
phantom. Therefore, in addition to physical properties, absorbed
dose and dose distribution in different tissue equivalent materials
of UF 8-year-old phantom were calculated and compared with
those of UF original materials. In this study, all organ dose calcu-
lations were performed using Monte Carlo simulation, which is the
most reliable way to obtain accurate values of dose under CT
imaging (de Marco et al., 2005; Lee et al., 2011). In this regard,
TLDs were placed in different organs of UF phantom, and absorbed
doses as well as dose distribution were evaluated by MCNP4C.
Finally, for each of X-ray energies, based on their agreements with
UF original tissues, the appropriate tissue equivalent materials for
lung, soft tissue and bone were introduced. Determining the sui-
table tissue equivalent materials, we will construct an 8-year
physical phantom in the next step.

The process described here to choose the suitable tissue
equivalent material for CT examination, could easily be expanded
to other phantoms, so a full series of phantoms could be con-
structed to assist many different aspects of radiation protection.
2. Materials and methods

Given that the majority of pediatric examinations are of chil-
dren in their first decade of life; therefore, a phantom of an 8-year-
old was considered for estimating the suitable tissue equivalent
materials in diagnostic energy range. Therefore, UF 8-year old
reference voxel phantom with the height of 126.4 cm and weight
of 28.41 kg (developed at University of Florida) (Lee, 2006) was
selected as a reference phantom.

In this study, three different set of materials were proposed as
tissue substitutes. The materials consisted of a bone substitute (a
homogeneous mixture simulating trabecular bone, cortical bone,
active marrow, and inactive marrow), a soft tissue substitute (a
common assumption is made that all soft tissue organ can be si-
mulated by a single substitute material) and a lung substitute.
Adipose tissue was not specifically considered. Thus, the proposed
soft tissue equivalent materials comprised skeletal muscle as well
as organs, connective tissue, and adipose tissue. Some materials,
which might have the potential to be used as tissue equivalent
materials as well as tissue substitutes introduced by other authors,
were studied. Various composition of epoxy resin with different
percentage of phenol (Hintenlang et al., 2010), K2HPO4 (Torikoshi
et al., 2003), B-100 (Shonka et al., 1958), PVC, and bone material
recommended in ICRP 70 (ICRP, 1995) were considered as the bone
substitute material. A-150 (Shonka et al., 1958), polyurethane (Kim
et al., 2006), methane based tissue-equivalent gas (MBTE), pro-
pane based tissue-equivalent gas (PBTE), the composition re-
commended by White (White, 1978), ethylene bis stearamide
(EBS), polycarbonate (PC), polypropylene (PP), poly-
methylmethacrylate (PMMA), polyethylene and water (Con-
stantinou et al., 1982) were investigated as substitutes for soft
tissue. The proposed lung equivalent materials were polyurethane
foam (Kim et al., 2006), composition cork (Chang et al., 2012) and
lung composition recommended by White (White, 1978). The
physical properties of these materials were studied. In addition,
absorbed dose and dose distributions in UF 8-year old reference
voxel phantom modeled by different tissue equivalent materials
were evaluated using Monte Carlo simulation. For convenience,
the different combinations of materials used for soft tissue, lung
and bone were abbreviated with letter “M”.

2.1. Studying the physical properties of proposed materials

The tissue-equivalent substitutes should have similar physical
properties to human tissue. The physical properties of proposed
tissue materials including electron density, effective atomic num-
ber, CT number and attenuation properties in the diagnostic en-
ergy range were determined.

2.1.1. Effective atomic number and electron density
The electron density (number of electrons per gram) and ef-

fective atomic numbers of all proposed materials was calculated
using their elemental compositions. The electron density ρe and
effective atomic number Zeff were specified using the following
equations:
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where NA is Avogadro's number, and wi, Zi, and Ai are the weight
fraction, the atomic number, and the atomic mass of each atom,
respectively (Chang et al., 2012).



Fig. 1. X-ray spectrum of Siemens Somatom Sensation 16 at tube voltages of 80,
100, and 120 kVp.
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2.1.2. X-ray attenuation in diagnostic energy range
The attenuation coefficient of each element was derived using

XCOM program (Korea Atomic Energy Research Institute, 2014)
and then total mass attenuation coefficients of proposed equiva-
lent materials were calculated by compiling a Fortran program.
Due to the scanner's flat and bowtie filters, the low energy part of
the spectrum is removed, therefore for each proposed tissue
substitute total attenuation coefficient was determined and was
compared with that of original tissue in the energy range of 30–
120 keV.

2.1.3. CT number
To determine the average Hounsfield unit (HU) of proposed

tissue equivalent materials, CT images of some available materials
were investigated using a Siemens Somatom Sensation 16 scanner
operated at a tube voltage of 80 and 120 kVp. The HU of available
material such as PC, polyurethane, PP, polyethylene, PVC, EBS and
PMMA were compared with those reported for human original
tissues.

2.2. Monte Carlo simulation for dose estimation

To obtain organ dose in a human body, two different ap-
proaches are possible: experimental procedures and Monte Carlo
simulation. It was reported that Monte Carlo simulation is the
most reliable way to obtain accurate values of dose (de Marco
et al., 2005; Lee et al., 2011), because the pediatric bodies lying on
a CT table and X-ray beam, are fully simulated, so that with an
appropriate simulation model, the results are solid. On the other
hand, in physical phantom, tissue equivalent materials are con-
structed as vertically stackable slices with small holes in each slice
for dosimeter placement. These phantoms are then scanned by the
CT machine to determine representative dose measurements.
Dosimeter readings provide the information on dose distributions
within the human body for the specific CT system and examina-
tion. However, this approach has limitations (Lee et al., 2011).
Considering that, the purpose of this study was to find the ap-
propriate tissue equivalent materials of a physical phantom, and
constructing various phantoms with different proposed tissue
equivalent materials is laborious, time-consuming and expensive,
Monte Carlo method was used for dose estimations in UF 8-year-
old phantom.

2.2.1. CT scanner modeling
The scanner of Siemens Somatom Sensation 16 (Siemens

Medical Systems, Germany) was simulated within the Monte Carlo
N-Particle (MCNP) radiation transport code (Los Alamos National
Laboratory, 2000). The CT scanner had a beam originating from the
focal spot with an angle of 52° and a focal spot-to-axis distance of
57 cm. The information about X-ray spectrum and scanner's filter
were provided by manufacturer. Fig. 1 displays X-ray spectra at
tube voltages of 80, 100, and 120 kVp.

To describe the CT source the same method as Khursheed et al.
(2002) was used. The accuracy of the simulation was verified by
comparing the measured CTDI values with those obtained by si-
mulation. For this purpose, CTDI data were calculated for head and
body CTDI phantoms with diameters of 16 and 32 cm, respectively,
and were compared with CTDI values measured by Lee et al. (2011,
2012), under the same radiation exposure condition. Moreover,
peripheral CTDI value at 12 o'clock was measured, and then it was
compared with the result of simulation. A 10 cm pencil shaped
Radcals ion chamber model 10�5-3CT (Radcal Corporation,
Monrovia, CA), and a Radcal 9015 dosimeter (Radcal Corporation,
Monrovia, CA) were used to determine the CTDI values. To perform
the comparison, the CTDI head and body phantoms were modeled
as a cylinder having a diameter of 16 cm and 32 cm, respectively,
with a length of 15 cm each. The material composition of CTDI
phantoms was simulated as polymethylmethacrylate with a den-
sity of 1.19 g cm�3. The ion chamber was modeled as three 10 cm
long concentric cylinders. The innermost cylinder with a diameter
of 0.67 cm defined the active air volume. The second cylinder with
a diameter of 1.02 cm defined the chamber wall, which was C552
air-equivalent material with a density of 1.76 g cm�3. The third
cylinder with a diameter of 1.37 cm defined a build-up cap, which
was modeled as polyacetal plastic with a density of 1.43 g cm�3

(Lee et al., 2011).

2.2.2. TLDs received doses
To perform dose measurements at interior locations of anato-

mical phantoms, one must incorporate an array of dosimeters
throughout the phantom volume. The most common dosimeter
used in these applications over the past years has been thermo-
luminescent dosimeters (TLDs) (Hintenlang et al., 2010). Therefore,
in order to set TLDs in 8-year-old UF phantom, 8 voxels located in
the center of mass of each 25 organs were replaced by TLD ma-
terial and then the radiation characteristics of the new tissue
equivalent materials were compared with those of UF original
tissues at three different tube voltages (80, 100 and 120 kVp).

For this purpose, absorbed dose was recorded using the type 6
(F6: p) tally, which determines the average dose to entire organ or
tissue (Los Alamos National Laboratory, 2000). The simulations
provided dose in MeV g�1, that is, energy deposition (MeV) per
unit mass (g), therefore the outputs of the program should be
multiplied by 1.6�10�10 to provide absorbed dose in unit of Gy
(J kg�1).

2.2.3. Dose distribution in phantom with different materials
Because of the limited number of TLD chips placed in selective

organ region, they may not be precisely representative of the
average organ doses (Lee et al., 2011). Therefore, to graphically
displaying dose map in the model, F6 tally used and dose was
recorded in each voxel. Using this approach, the variation of dose
with position in UF 8-year old phantom for different tissue
equivalent materials were determined and were compared with
dose distribution in the original tissues of UF 8-year old.

For these programs, a special switch on DBCN cart, DBCN (8),
was used to obtain maximum relative error less than 5% in each
voxel. So, all calculations were executed with different random
seeds, which were implemented in the MCNP input file (Los Ala-
mos National Laboratory, 2000).



Table 1
Physical density (Korea Atomic Energy Research Institute, 2014), electron density
and effective atomic number (Chang et al., 2012) of UF original tissues as well as
proposed tissue equivalent materials.

Material Physical density
(g cm�3)

Electron den-
sity (e- g�1)

Effective atomic
number

UF soft tissue 1.04Eþ00 3.33Eþ23 3.29Eþ00
A-150 1.13Eþ00 3.31Eþ23 3.18Eþ00
EBS 9.01E–01 3.40Eþ23 2.83Eþ00
Polyurethane 1.05Eþ00 3.28Eþ23 3.39Eþ00
Polyethylene 9.50E–01 3.44Eþ23 2.67Eþ00
MBTE 1.06E–03 3.32Eþ23 3.28Eþ00
PBTE 1.83E–03 3.32Eþ23 3.23Eþ00
Water 1.00Eþ00 3.35Eþ23 3.33Eþ00
White suggested soft
tissue

1.00Eþ00 3.28Eþ23 3.41Eþ00

PMMA 1.18Eþ00 3.25Eþ23 3.60Eþ00
PC 1.20Eþ00 3.18Eþ23 4.06Eþ00
PP 9.46E–01 3.44Eþ23 2.67Eþ00
UF lung tissue 3.03E–01 3.32Eþ23 3.42Eþ00
Polyurethane foam 3.00E–01 3.28Eþ23 3.43Eþ00
Composition cork 2.70E-01 3.27Eþ23 3.52Eþ00
White suggested lung
tissue

3.20E–01 3.18Eþ23 4.01Eþ00

UF bone tissue 1.40Eþ00 3.23Eþ23 4.08Eþ00
PVC 1.36Eþ00 3.11Eþ23 5.33Eþ00
ICRP 70 suggested
bone

1.92Eþ00 3.10Eþ23 5.97Eþ00

B-100 1.45Eþ00 3.18Eþ23 4.16Eþ00
K2HPO4 2.44Eþ00 2.98Eþ23 1.08Eþ01

Table 2
The proposed tissue equivalent materials considered for bone, lung and soft tissues
of UF 8-year old phantom.

Proposed material Soft tissue Lung Bone

M1 Polyurethane Polyurethane foam B-100
M2 Water Polyurethane foam PVC
M3 Polyurethane Polyurethane foam PVC
M4 Water Polyurethane foam B-100
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3. Results

3.1. Model validation

Four different point doses (central dose and doses at 12, 3, and
6 o'clock positions) were determined within the CTDI head and
body phantoms using the ion chamber at collimation of 1 cm
under three tube potentials of 80, 100, and 120 kVp. The weighted
CTDI (CTDIw), which is defined as the summation of one-third of
CTDIcenter and two-thirds of CTDIperiphery, was 6.20, 11.60 and
16.20 mGy, for CTDI head phantom at tube voltages of 80, 100 and
120 kVp, respectively. The maximum error between the results of
simulation and measurements was almost 9% for all tube poten-
tials (Lee et al., 2011, 2012).

In addition, it was observed that there is a good agreement
Fig. 2. Total mass attenuation coefficient of equivalent materials as (a) so
between the results of peripheral CTDI values obtained by simu-
lation and measurement (the relative deviations between the re-
sults were less than 5%). For instance, the measured and simulated
values of peripheral CTDI at 12:00 at tube voltage of 80 kVp were
6.83 and 6.53 mGy, respectively (Akhlaghi et al., 2015; Akhlaghi
et al., 2014; Akhlaghi et al., in press).

3.2. Physical properties

Physical density, electron density and effective atomic number
of the materials under investigations are listed in table 1. Ac-
cording to this table, the physical property of polyurethane and
water (as soft tissue), polyurethane foam (as lung tissue) and
B-100 (as bone tissue), have the most consistency with those of UF
8-year old original tissues.

Total mass attenuation coefficients of UF original tissues com-
pared with some substitute materials for soft tissue and bone are
plotted in Fig. 2a and b, respectively. Such graph is available for
lung tissue equivalent materials.

From Fig. 2.a, it is observed that total mass attenuation coeffi-
cient of water has the most consistency with original soft tissue of
UF in all the energy range (0.03–0.12 MeV). For energies higher
than 0.06 MeV, the total attenuation of polyurethane accords with
that of UF, so that its compliance is greater than water at energies
above 0.08 MeV. Considering Fig. 2.b, in all the energy range, none
of bone substitute materials is consistent with bone tissue of UF.
However, attenuation coefficients of B-100 and PVC have very
good agreements with those of UF at energies above 0.08 MeV.
Other substitute materials as soft tissue and bone have significant
differences with UF original tissues.

The results of HU determination indicate that, CT numbers of
PC, polyurethane, PP, polyethylene and PMMA fall outside the
range obtained for human soft tissue. As known, the HU range in
ft tissue and (b) bone tissue substitutes in diagnostic energy range.



Table 3
The computed absorbed doses in TLDs (in mGy per mAs) placed in 25 organs for original tissues of UF 8-year-old as well as four proposed equivalent materials at tube voltages of 80, 100 and 120 kVp in CAP scan.

Location of TLDs 80 kVp 100 kVp 120 kVp

Original tissues M1 M2 M3 M4 Original tissues M1 M2 M3 M4 Original tissues M1 M2 M3 M4

Left kidney 2.45E–02 2.93E–02 2.31E–02 2.81E–02 2.40E–02 5.14E–02 6.02E–02 5.07E–02 5.75E–02 4.89E–02 8.71E–02 9.90E–02 8.22E–02 9.47E–02 8.50E–02
Right kidney 1.85E–02 2.29E–02 1.74E–02 2.18E–02 1.82E–02 3.99E–02 4.71E–02 3.92E–02 4.52E–02 3.77E–02 6.74E–02 7.70E–02 6.38E–02 7.39E–02 6.61E–02
Ovaries 1.82E–02 2.05E–02 1.58E–02 1.88E–02 1.71E–02 3.94E–02 4.29E–02 3.72E–02 3.97E–02 3.46E–02 6.69E–02 7.12E–02 5.88E–02 6.61E–02 6.28E–02
Breasts 2.32E–02 2.46E–02 2.21E–02 2.36E–02 2.29E–02 4.66E–02 4.88E–02 4.59E–02 4.68E–02 4.44E–02 7.61E–02 7.98E–02 7.26E–02 7.68E–02 7.50E–02
Uterus 1.64E–02 1.88E–02 1.45E–02 1.73E–02 1.55E–02 3.52E–02 3.90E–02 3.36E–02 3.62E–02 3.15E–02 5.94E–02 6.56E–02 5.37E–02 6.14E–02 5.71E–02
Salivary gland 1.16E–03 1.43E–03 9.39E–04 1.23E–03 1.13E–03 2.92E–03 3.13E–03 2.62E–03 2.66E–03 2.18E–03 4.95E–03 5.19E–03 4.03E–03 4.46E–03 4.29E–03
Gall bladder 2.27E–02 2.77E–02 2.23E–02 2.69E–02 2.28E–02 4.75E–02 5.61E–02 4.76E–02 5.46E–02 4.67E–02 7.90E–02 9.22E–02 7.77E–02 9.00E–02 7.94E–02
Left adrenal 1.97E–02 2.28E–02 1.73E–02 2.12E–02 1.85E–02 4.24E–02 4.71E–02 3.96E–02 4.40E–02 3.74E–02 7.12E–02 7.85E–02 6.38E–02 7.37E–02 6.75E–02
Right adrenal 1.80E–02 2.08E–02 1.55E–02 1.92E–02 1.67E–02 3.94E–02 4.43E–02 3.67E–02 4.14E–02 3.44E–02 6.73E–02 7.44E–02 5.94E–02 6.95E–02 6.34E–02
Thyroid 4.28E–03 4.64E–03 3.34E–03 3.93E–03 3.88E–03 9.39E–03 9.84E–03 8.26E–03 8.75E–03 7.46E–03 1.57E–02 1.65E–02 1.25E–02 1.45E–02 1.39E–02
Heart 2.00E–02 2.41E–02 1.91E–02 2.29E–02 2.00E–02 4.29E–02 5.04E–02 4.31E–02 4.80E–02 4.12E–02 7.19E–02 8.24E–02 6.94E–02 7.90E–02 7.20E–02
Spleen 2.17E–02 2.62E–02 2.07E–02 2.49E–02 2.16E–02 4.59E–02 5.32E–02 4.52E–02 5.09E–02 4.33E–02 7.66E–02 8.77E–02 7.34E–02 8.41E–02 7.61E–02
Bladder 1.76E–02 2.03E–02 1.58E–02 1.88E–02 1.68E–02 3.77E–02 4.21E–02 3.60E–02 3.93E–02 3.40E–02 6.38E–02 6.97E–02 5.78E–02 6.56E–02 6.08E–02
Esophagus 1.85E–02 2.07E–02 1.59E–02 1.87E–02 1.74E–02 3.98E–02 4.31E–02 3.75E–02 3.97E–02 3.49E–02 6.75E–02 7.16E–02 5.98E–02 6.65E–02 6.39E–02
Pancreas 2.13E–02 2.54E–02 2.02E–02 2.44E–02 2.10E–02 4.51E–02 5.18E–02 4.42E–02 4.96E–02 4.25E–02 7.70E–02 8.55E–02 7.30E–02 8.22E–02 7.53E–02
Thymus 2.07E–02 2.31E–02 1.90E–02 2.16E–02 2.01E–02 4.26E–02 4.62E–02 4.16E–02 4.38E–02 3.96E–02 7.19E–02 7.72E–02 6.73E–02 7.31E–02 7.05E–02
Brain 2.97E–04 3.91E–04 2.51E–04 3.36E–04 2.75E–04 6.38E–04 9.20E–04 6.63E–04 7.32E–04 5.53E–04 1.30E–03 1.67E–03 1.17E–03 1.38E–03 1.33E–03
Liver 1.94E–02 2.47E–02 1.88E–02 2.37E–02 1.96E–02 4.21E–02 5.08E–02 4.21E–02 4.89E–02 4.07E–02 7.00E–02 8.36E–02 6.82E–02 8.02E–02 7.02E–02
Left lung 2.00E–02 2.17E–02 1.81E–02 1.99E–02 1.95E–02 4.24E–02 4.50E–02 4.14E–02 4.19E–02 3.86E–02 7.07E–02 7.42E–02 6.52E–02 7.00E–02 6.90E–02
Right lung 2.07E–02 2.25E–02 1.90E–02 2.07E–02 2.04E–02 4.29E–02 4.55E–02 4.24E–02 4.26E–02 3.99E–02 7.21E–02 7.60E–02 6.72E–02 7.16E–02 7.10E–02
Stomach 2.32E–02 2.64E–02 2.22E–02 2.56E–02 2.28E–02 4.74E–02 5.28E–02 4.62E–02 5.13E–02 4.54E–02 7.83E–02 8.66E–02 7.54E–02 8.43E–02 7.72E–02
Muscle 1.81E–02 2.03E–02 1.55E–02 1.84E–02 1.70E–02 3.90E–02 4.23E–02 3.68E–02 3.91E–02 3.40E–02 6.64E–02 7.14E–02 5.90E–02 6.65E–02 6.31E–02
ET 1.98E–03 2.24E–03 1.48E–03 1.87E–03 1.80E–03 4.41E–03 4.78E–03 3.97E–03 4.12E–03 3.29E–03 7.70E–03 8.01E–03 6.23E–03 7.16E–03 7.13E–03
SI 2.07E–02 2.46E–02 1.90E–02 2.37E–02 1.97E–02 4.42E–02 5.06E–02 4.26E–02 4.87E–02 4.11E–02 7.59E–02 8.53E–02 7.04E–02 8.17E–02 7.28E–02
Colon 1.85E–02 2.18E–02 1.62E–02 2.03E–02 1.73E–02 4.04E–02 4.54E–02 3.78E–02 4.25E–02 3.58E–02 6.85E–02 7.68E–02 6.12E–02 7.24E–02 6.42E–02
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Fig. 3. Comparison of relative differences in TLDs' doses between original and proposed tissue materials at tube voltages of (a) 80 kVp and (b) 120 kVp at CAP scan.
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soft tissue, bone, and lung of a real human are 10–100, 700–3000,
and �500, separately. The HU of EBS for soft tissue and PVC for
bone tissue show the best agreement with that of original soft and
bone tissues, respectively. HU of EBS and PVC were in the range of
10–60 and 800–1700, respectively.

Table 2 indicates different combination of materials, which
have the most consistency with UF in term of physical properties.
To choose the appropriate tissue equivalent material for a physical
phantom applicable in CT scan dosimetry, in the next step, the
results of dose estimations are studied in these suggested
materials.

3.3. Dose estimations

From the perspective of physical properties, M1–M4 were
considered as possible tissue equivalent materials. The dose re-
ceived by each of 25 TLDs', which were placed in original tissues of
8-year-old phantom as well as these tissue equivalent materials
are tabulated in Table 3 for chest–abdomen–pelvis (CAP) scan at
tube voltages of 80 and 120 kVp. It should be mentioned that, all
the results of dose estimations reported in this study for UF
8-year-old phantomwere obtained using Monte Carlo simulations.
Considering the linear relationship between the mAs and dose
(Akhlaghi et al., 2014), the results were normalized to mAs.
Moreover, the relative differences between some TLDs' doses of
original and proposed materials at tube voltages of 80 and 120 kVp
are displayed in Fig. 3a and b, separately.

In this figure, the mean value of TLDs' dose was reported for
paired organs. From Table 3 and Fig. 3, at tube voltage of 80 kVp,
the relative differences between received doses in all TLDs located
in original materials and M4 are less than 10%, while these values
are much greater for the other suggested materials. This trend is
changed at tube voltage of 120 kVp. In this voltage, the relative
differences in all materials decrease except in M4. It is observed
that M3 (with relative errors less than almost 10%) is more con-
sistent with original tissue at 120 kVp. At all the tube voltages, M2
presents acceptable results (almost small relative differences
especially at 120 kVp), while the high discrepancies in the relative
differences of M1 excludes it from consideration as substitute
materials in a physical phantom.

Moreover, dose distribution maps of 8-year-old phantom for
different tissue equivalent materials at z¼�27.3 cm at tube vol-
tage of 80 kVp are displayed in Fig. 4. According to the figure, the
computed absorbed doses in the UF original bone are less than
proposed tissues, while doses delivered to UF soft tissue are more
than the substitute materials. These dose distribution maps con-
firm that compared to PVC and polyurethane, B-100 and water
provide more acceptable results at 80 kVp.
4. Discussion

Studying the physical properties (physical density, electronic
density, effective atomic number, total attenuation coefficient, and
HU) showed that water and polyurethane (as soft tissue), B-100
and PVC (as bone), and polyurethane foam (as lung) have the
potential to be used as UF tissues substitutes. Dosimetric evalua-
tions of these materials indicated that by increasing the tube
voltages the relative differences between doses absorbed in TLDs
of original and proposed tissues decrease except for M4, especially
at 120 kVp. However, at tube voltages of 80 and 100 kVp, the most
agreements are still observed for M4, so that the relative differ-
ences in most TLDs' doses are less than 5%. But, estimations of TLD
doses and dose distributions at 120 kVp illustrate the in-
appropriateness of using M4 as tissue substitute at this tube vol-
tage. The average relative difference of M3 and original tissue has
the minimum value, so it could be the suitable tissue equivalent
material to be used at 120 kVp.

These results could be justified considering Figs. 1 and 2. In
Fig. 1, for tube voltage of 120 kVp the energies above 80 keV
contribute in almost 22% of the spectrum, while their contribu-
tions in total dose are about 60%. Therefore, despite of the fact that
characteristic X-rays (which are emitted with energies between
60–70 keV) have the maximum contributions in spectrum, en-
ergies between 80–120 keV play important role in absorbed dose
and dose distribution. By studying all tube voltages, it could be
said that high energies of spectrum have greater effects in dose.

Given these observations, it can be concluded that by com-
paring just the attenuation coefficient of different materials at the
higher energies of X-ray spectrum, the appropriate equivalent
materials in any desired energy range would be found. For in-
stance, from Fig. 2a, it is observed that for the energies less than
0.08 MeV, water accords more with those of UF soft tissue, while
at energies above 0.08 MeV, polyurethane agrees more with UF in
terms of mass attenuation coefficients. The same trend is observed
for B-100 and PVC, so that attenuation coefficient of B-100,



Fig. 4. Dose distribution map in mGy per mAs at 80 kVp in different tissue equivalent materials: (a) Original tissues of UF 8-year old phantom, (b) M1, (c) M2, (d) M3,
and (e) M4.

P. Akhlaghi et al. / Radiation Physics and Chemistry 112 (2015) 169–176 175
compared to PVC, is higher at energies less than 0.08 MeV and is
lower at energies above 0.08 MeV. So, selecting M4 at 80 kVp and
M3 at 120 kVp is reasonable. Due to the fact that pediatric CT
imaging is usually performed at low tube voltage (80 kVp), M4 is
an appropriate tissue equivalent material to be placed in a physical
phantom.

By specifying appropriate tissue equivalent materials for each
of X-ray energies, in the next step, we will construct the 8-year
physical phantom. In the future, using the method described
above, these data will be expanded to cover all ages, so that we
will have a population of physical phantoms, which are suitable for
dosimetry and protection purposes in computed tomography
examinations.
5. Conclusion

The aim of this study was to find appropriate tissue equivalent
materials for a pediatric physical phantom used in CT scan dosi-
metry. Different materials were considered as bone, lung and soft
tissue substitutes. To choose the best match with original tissue,
physical properties, dose and dose distributions were evaluated.
From the perspective of physical properties, B-100 and PVC as bone
substitutes, water and polyurethane as soft tissues and poly-
urethane foam as lung tissue had the most consistency with those
of UF 8-year-old phantom. For more detailed study, these materials
were replaced in the phantom and doses delivered to 25 TLDs as
well as dose distributions were specified and compared with those
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of UF at tube voltages of 80, 100, and 120 kVp. According to the
results, at tube voltages of 80 and 100 kVp using B-100 (as bone)
and water (as soft tissue) provides more consistency with UF ori-
ginal tissues, while PVC (as bone), and polyurethane (as soft tissue)
are the suitabale tissue substitutes at 120 kVp.
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