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Evaluating the Physical Properties of Epoxy Resin as
a Phantom Material to Mimic the Human Liver in
Computed Tomography Applications
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Abstract— The aim of this study was to evaluate the physical
properties of epoxy resin to be used as a phantom material to mimic
the liver of human body in computed tomography (CT) protocols.
The epoxy resin type of E-1101/H-9 was mixed uniformly with a
ratio 2:1 of resin and hardener. The mass density, effective atomic
number, linear and mass attenuation coefficients of the epoxy were
calculated. The linear and mass attenuation coefficients were
calculated at relevant CT photon energy 40-65keV using the FFAST
database (NIST, USA). Then, the calculated measurements of
fabricated epoxy were compared with the standard values of human
liver. The results indicated that the mass density and effective atomic
number had achieved good agreement with the liver values. The
theoretical values of linear and mass attenuation coefficients were in
strong agreement with the values reported in International
Commission on Radiation Units and Measurements. Therefore, the
results physically verify the suitability of epoxy resin E-1101/H-9 as
a CT phantom material to mimic the human liver.

Keywords— Computed Tomography, Epoxy Resin, Phantom
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I. INTRODUCTION

Computed tomography scan (CT) is a cross-sectional
medical imaging modality; introduced in 1972 by Godfrey
Hounsfield. It is the first radiologic modality that uses X-ray
radiation and computer to produce detailed images of internal
structures depending on the different attenuation proprieties of
the scanned area [1].
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The CT images of liver depend on the attenuation variation
between the normal and abnormal liver regions.
Consequently, CT scan provides more detailed images about
the liver and related structures than other radiologic
modalities. These images have more information related to
liver lesions, injuries, infections and other diseases [2, 3].
However, CT examinations produce higher radiation dose
compared to other radiological procedures [4]. CT procedures
deliver more than a hundred times the radiation dose of a
conventional X-ray. Further, the level of radiation dose from
CT protocols has increased, in part due to the improved speed
of image acquisition [5, 6]. Therefore, CT phantom materials
are developed in this study for future dose monitoring and
image quality purposes in order to produce higher image
quality with lower radiation dose level in CT applications.

Phantom is a specifically designed object that simulates the
human body in medical imaging procedures which can
evaluate the effect of ionizing and non-ionizing radiations.
The phantom materials interact with radiation beams in
experimental studies to avoid direct risk of radiation and ease
of application in radiological research, including image
quality, dosimetry measurements and radiotherapy quality
assurance protocols. Water has been developed as a reference
and standard material to simulate soft tissue of human body in
ionizing radiation studies. However, the physical state of
water renders it not always an appropriate model for use in
ionizing radiation studies. Thus, many solid equivalent
materials such as tropical wood, polystyrene, paraffin wax,
and Perspex have been developed as alternative phantom
materials[7-10].

CT phantom materials should have similar X-ray
attenuation properties to human structures to adjust CT image
quality, radiation dose measurements and quality assurance
programs. Therefore, fabricating a suitable CT phantom
material to mimic a human soft tissue depends on many
physical factors and measurements, including mass density,
effective atomic number, and attenuation properties
[10].Several phantom studies have used the CT modalities to
evaluate and measure the physical CT image characteristics of
abdomen liver region, such as image contrast, spatial
resolution and signal noise ratio [11-13]. Other studies have
employed abdominal liver phantom to assess image quality
and measure the radiation dose using different algorithm
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filters, tube energies, and tube current settings [14-
19].Furthermore, many researchers have evaluated the role of
single and dual energy CT scanners to detect liver lesions and
increase the CT image quality using abdominal liver phantom
and real patient studies at the same time (vitro and vivo study)
[20-23]. Therefore, providing a suitable CT phantom material
that mimics human liver will give more image information
and details that supports abdomen/liver CT studies and
research.

Epoxies are strong adhesive materials referring to a class
of polymer and pre-polymer. They react with themselves or
with co-reactant materials (hardeners) to form a thermosetting
plastic polymer with excellent mechanical and chemical
properties. Therefore, epoxies contribute to a wide range of
applications, including protective surfaces and metal coatings,
structural adhesives, constructions, and electrical insulators
and components. Furthermore, epoxies are commonly
available, not toxic materials, and can bond with other
materials[24, 25]. On the other hand, epoxies are becoming
common materials in the fields of medical physics and
imaging as phantom materials with higher quality and greater
reproducibility [26-31]. These properties and advantages of
epoxies make them appropriate materials to be used as a liver
equivalent phantom material in CT procedures. Therefore, the
main contribution and objective of this study is to evaluate the
physical properties of epoxy resin E-1101/H9 to be
characterized as an equivalent CT phantom material of the
human’s liver.

Il. MATERIALS AND METHODS

A. Sample Preparations and Density Measurements

The epoxy resin product type of E-1101/H-9 was acquired
from Pan Asel Chemicals (M) Sdn Bhd Company, Kuala
Lumpur, Malaysia. It is a two-component (resin and
hardener), non-volatile, colorless and low viscosity liquid
high gloss epoxy resin which combines to form hard enamel.
In the present study, the epoxy E-1101/H-9 was prepared by
mixing resin and hardener uniformly (by weight) with a ratio
of 2:1. The sample was mixed and vigorously stirred using an
electrical mixer (Pensonic PM-163 Hand Mixer). After that,
the epoxy was placed in rectangular shape molds (4 cm x 3
cm x 0.5 cm) for 16 hours at temperature 22 +1°C. The
density was measured as the ratio of mass to volume (g/cm3)
by weighing 10 mL of the epoxy using class A volumetric
flask. Then, the average density values of five test samples
were taken to achieve high precision.

B. Effective Atomic Number and Elemental Composition

Analysis

The effective atomic number (Zeff) plays a vital role in
phantom material fabrication, particularly for low photon
energy interactions where the photoelectric effect is more
dominated. Therefore, it gives an indication about the
interaction between the radiation beam and the matter [32]. In
this study, the Zeff was calculated based on elemental
composition analysis. The PE 2400 CHNS/O series Il
Elemental Analyzer was employed to determine the
percentages of carbon, hydrogen, nitrogen, sulphur, and
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oxygen for the fabricated epoxy. Then, the chemical
technique described by Mayneord was used to determine Zeff
of epoxy as shown in the following equations [33].

ey (i) (1)

where ai is the fraction of electron in element i, Zi is the
atomic number of the element i and m is an experimental
coefficient (between 3 and 5)[34] .

(Zi
wi(z)

(Z1
zwi(%)
The electronic fraction is given by Equation 2. Where wi and

Ai are the fractional weight and the atomic mass of the
element i, respectively.

ai =

2

C. Using X-Ray Form Factor, Attenuation and
Scattering (FFAST) Database to Calculate the Linear
and Mass Attenuation Coefficients.

linear attenuation (x) and mass attenuation (u /p)
coefficients of phantom materials can be expressed by
calculating the attenuated photons dependence with the
energy of radiation beam [35]. The attenuation properties are
useful in computerized tomography, diagnostic radiology and
in evaluating the characteristics of a material [36]. The linear
attenuation coefficient can be calculated for sample with
thickness x, as given by the Beer Lambert law (Equation 3)
,then, the mass attenuation coefficient can be measured by
dividing the linear attenuation coefficient value by density of
the sample.

[ =Ije ™™ 3)
where | is the intensity of photons transmitted through
thickness X, I,is the initial photon intensity and y is the linear
attenuation coefficient.

The attenuation coefficients for any body part or material
can be derived linearly from its chemical structure. The data
for many materials over a wide energy photon range can be
determined online by FFAST. FFAST is a database software
program developed by the National Institute of Standards and
Technology (NIST), physical measurement laboratory, USA.
These are theoretically constructed data sets, but they are
providing adequately accurate values about the total
attenuation cross section measurements in photon energy
range up to 433 keV. In comparison with experimental
results, the alternate theory data demonstrated that the FFAST
measurements as a function of energy were in strong
agreement [37-39]. However, in this study, the FFAST was
performed to calculate the linear and mass attenuation
coefficients of epoxy resin in photon energy level related to
the tube energies of CT scan protocols in the energy range
40-65 keV (80-140 kVp) [40]. Afterward, the calculated
linear and mass attenuation coefficients values of epoxy were
compared with those of human liver at the same energy levels.
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I1l. RESULTS AND DISCUSSIONS

A. Density and Effective Atomic Number Measurements

The average mass density of the fabricated epoxy
samples were determined using gravimetric calculation.
The results showed that the epoxy had an average density
value 1.11 g/cm3.The density of liver as reported in
International Commission on Radiation Units and
Measurements (ICRU, Report 44, 1989) is 1.06 g/cm3. In
comparison with this study’s results, the density of epoxy was
in high agreement with the mass density of the liver within a
difference of 4.7 %. Furthermore, the results indicated that the
average density of epoxy is close to the mass density values
of liver that were reported in the previous studies and no
significant variation was observed [41-44].

The Zeff value of epoxy was measured depending on the
chemical composition results. The percentages of H, C, O N,
and S of epoxy were 4.68%, 68.48%, 23.14%, 2.4% and
1.3%, respectively. This shows that, the elemental analysis
resembles the composition of human liver tissue, which
mainly consists of carbon and oxygen. The results indicated
that the calculated Zeff of epoxy is 7.11whichis in agreement
with the Zeff value of the human liver tissue within a range
difference 0f8.61-8.85% as calculated in previous studies by
Kim (1974) [45], McCullough (1975) [41] and Watanabe
(1999) [44].

The calculated results in this part of the study
demonstrated the potential of using epoxy as a CT phantom
material and are thus considered a good match for human
liver tissue. This consistency between density and Zeff values
of epoxy and liver can be considered as an early assumption
of equivalent property of epoxy as a phantom material. In
addition, it is important to note that the density and Zeff
values of epoxy are close to those of water and this verifies
the suitability of epoxy resin to be used as a phantom material
in ionizing radiation applications.

B. Attenuation Properties Measurements

Table 1 shows the results of the linear and mass
attenuation coefficient values from the FFAST data sets
(NIST, USA) over energy range 40-65 keV. It was observed
that all results decrease with increasing beam energy. The
calculated results of epoxy were compared with previous
values reported by Boke, 2014 [46]; King et al., 2011 [42] ;
and ICRU Report 44, 1989 [47]. The linear attenuation
coefficient results calculated in the present study are in
agreement with the results reported by Boke (2014) within
2.72-10.31 %, King et al. (2011) within 6.17-6.44% and
ICRU (1989) within 0.44 — 7.37 %. The mass attenuation
coefficient results also agreed with the results reported by
Boke (2014) within 0.44-5.46 %, King et al (2011) within
10.48-15.6 % and ICRU (Report 44, 1989) within 3.02 —
11.52 %.

Figures 1 and 2 show the linear and mass attenuation
coefficients measurements against the energy. The graphs
illustrate that the epoxy has linear and mass attenuation
coefficients close to that of liver over photon energy range
40-65 keV. The curves similarity demonstrates that the epoxy
attenuation coefficients results are in good agreement with
previous studies of Boke, King et al. and ICRU. In
comparison with ICRU measurements, it was observed that
this study’s results had much better agreement when the
photon energy was increased. In other words, the results
showed good matching with attenuation prosperities of liver,
particularly in photon energies between 50-65 keV. However,
the overall attenuation prosperities results demonstrated the
suitability of epoxy to be used as a substitute material for
human liver tissue over all the CT energy levels.

TABLE |
COMPARISON BETWEEN CALCULATED LINEAR AND MASS ATTENUATION COEFFICIENTS FOR EPOXY RESIN AND LIVER TISSUE

Linear Attenuation Coefficient(x) (cm-1)

Mass Attenuation Coefficient (u /p) (cm?/g)

E (keV) Evesd (Sgﬁ) King etal. (2011) (Ilggéj)a et (?ooilit(e)b Kéggflt)i“' (IlCQFég)
20 0.264 0257 0.299 0.285 0238 0.242 0.282 0.269
45 0.251 0.238 0.275 0.263 0.225 0.226 0.259 0.248
50 0.237 0.220 0.256 0.241 0.214 0.208 0.242 0.227
55 0.228 0.209 0.243 0.229 0.205 0.197 0.229 0.216
60 0.218 0.199 0.233 0217 0.196 0.188 0.220 0.205
65 0.214 0.194 0.229 0211 0.193 0.183 0.216 0.199

4Calculated value of () is given by International Commission on Radiation Units and Measurements (ICRU) by multiplying the

mass attenuation coefficient by the mass density of liver [47].

bCalculated value of (ujp)are given by Boke [46] and King et al. by dividing the linear attenuation coefficient by the mass

density of liver.
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Fig. 1 Comparison of the linear attenuation coefficients (u) versus photon energy for epoxy resin and human liver tissue
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Fig. 2 Comparison of the mass attenuation coefficients (u /p) versus photon energy for epoxy resin and human liver tissue

IV. CONCLUSIONS

This study has evaluated the physical properties of epoxy
resin to be used as a substitute material in abdomen/liver CT
protocols. The study’s measurements were compared to
values obtained by ICRU and previous published studies. The
results demonstrated that the density and Zeff values of epoxy
were in well agreement with the reported values of the human
liver tissue. The differences between the theoretical
measurements of linear and mass attenuation coefficients and
the published data from ICRU were found to be 0.44-11.52%
on average corresponding to the 40-65 keV photon energy.
Thus, the findings of this study provide a compelling
argument for the use of epoxy resin E-1101/H-9 as a substitute
material for the human liver in CT procedures and
applications.
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