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Abstract: Nowadays, the use of tissue mimicking material (TMM) is widespread in both diagnostic
and therapeutic medicine, as well as for quality assurance and control. For example, patient exposure
evaluation during therapeutic tests has been commonly measured using TMMs. However, only a
few materials have been developed for research use at the megavoltage photon energy encountered
in medical radiology. In this paper, we extended our previous work to cover the photon energy
range of 0.15–15 MeV for five human tissues (adipose, cortical bone, fat, lung and muscle). As a
selection criterion for TMM, other than the attenuation coefficient, we introduced the computation of
the buildup factor (BUF) for a given couple of energy and depth based on the geometric progression
fitting method. Hence, we developed a C++ program able to compute BUF for depths up to 40 mean
free path. Moreover, we simulated the percentage depth dose (PDD) of a 6 MV photon beam through
each tissue and their equivalent materials using the Geant4 Monte Carlo toolkit (version 10.5). After
the comparison of a set of parameters (mass attenuation and mass energy absorption coefficients,
BUF, equivalent and effective atomic numbers, electron density, superficial and maximal dose and
dose at 10 and 20 cm depths), we found that SB3 (a mixture of epoxy and calcium carbonate) and
MS15 (a mixture of epoxy, phenol, polyethylene and aluminum oxide) accurately imitate cortical bone
and muscle tissues, respectively. AP6 (a mixture of epoxy, phenol, polyethylene and teflon), glycerol
trioleate and LN1 (a mixture of polyurethane and aluminum oxide) are also suitable TMMs for
adipose, fat and lung tissues, respectively. Therefore, this work can be useful to physician researchers
in dosimetry and radiological diagnosis.

Keywords: buildup factor; PDD; TMM; GP-fitting method; Geant4

1. Introduction

The safe usage of external photon beams in medicine requires specially designed
equipment to simulate human organs, tissues and water as the reference medium. In ad-
dition to beam commissioning and dose distribution verification, this equipment also
contains some dosimetry phantoms and test objects. Moreover, in order to minimize health
issues related to radiation exposure, dosimetry studies have to be conducted to monitor
exposure levels of individuals who handle radioactive materials and/or work in radiation
exposure areas. Thus, it is important that the photon interaction cross-sections of the
phantom materials match the cross-sections of the tissues. Therefore, radiation therapy
tissue mimicking materials (TMMs) have been developed in recent decades [1], such as
tissue and water equivalent materials, and simulation of the interaction cross-sections for
modern substitutes has reached high accuracy [2]. It has been reported that various types
of materials can be used as TMMs for medical applications, including nylon, polystyrene,
polymethylmethacrylate (PMMA), wax, and epoxyv [3–6]. Hence, in terms of radiation
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response, are there any standard requirements for selecting a material as an equivalent tis-
sue? We observed that when using international norms (IEC 2007 [7]) for ultrasound TMM
development, there are no standards for MRI, surgery or thermal therapies. Furthermore,
the only modality that has published guidelines on developing TMMs [8] was surgery [9].
During gamma-ray exposure, linear attenuation coefficients (LACs) are of primary importance
for material selection [10], along with the effective atomic number (actual atoms of a given
molecule that can be replaced by an equal number of identical (average) atoms) and the
electron density (expressed in number of electrons per unit mass) [11]) [12]. This manuscript
can be considered as a continuation to our previous work where we introduced buildup
factor (BUF) and CT numbers at 30 and 80 kVp as tuning materials to search for a photon
energy interval of 0.015–0.15 MeV [13]. Nevertheless, there are no universal standards to
be used for TMM selection for external irradiation by photon energies of 0.15–15 MeV.

Within the scope of this work, other tuning parameters for TMM searches will be
introduced for the first time, including BUF and percentage depth dose (PDD). The buildup
factor has been introduced as a correction parameter to the attenuation of a narrow mo-
noenergetic photon beam through a thin attenuator described by the Beer–Lambert law [14]
when using realistic setups. Among the many existing types and during this work, we will
focus on the exposure buildup factor described by the fraction of absorbed dose in air with
and without attenuator medium. In order to calculate BUFs, ANSI/ANS-6.4.3-1991 [15]
tables for particle type (photon, neutron), energy, and elemental composition of the ma-
terial can be used. The data were generated using five geometric progression (GP) fitting
parameters based on particle energy and penetration depth as measured in mean free paths
(mfp). Additionally, the central axis dose distribution inside the patient or phantom that is
usually normalized to Dmax = 100% at the depth of the dose maximum is referred to as the
percentage depth dose distribution.

Our aim can be outlined as follows: (i) describing a C++-based code for BUF compu-
tation, (ii) introducing the Geant4-based program (version 10.5) for PDD simulation and
(iii) analyzing outputs and searching for adequate TMMs of some given human tissues.
Consequently, after testing the capabilities of our simulation to reproduce the measured
PDD (provided from literature) of a 6 MV photon beam within a water phantom, we carry
out the calculations of BUF, PDD and some physical properties of the studied materials
and tissues. As possible alternatives to adipose tissue, we are interested in AP6 (a mixture
of epoxy, phenol, polyethylene and teflon), ethoxyethanol and polyethylene; aluminum,
P.V.C. (polyvinylchloride), SB3 (mixture of epoxy and calcium carbonate), Teflon and Witt
liquid for cortical bone tissue; Alderson fat (a mixture of polyethylene, wax and antimony
trioxide), FT1 (a mixture of methylpentene and lithium carbonate) and glycerol trioleate
for fat tissue; Alderson lung (a mixture of epoxy, phenol and antimony trioxide), LN1
(a mixture of polyurethane and aluminum oxide) and Stacey latex for lung tissue; and
Alderson muscle 1 (a mixture of isocyanate, phenol and antimony trioxide), Alderson
muscle 2, Bakelite (phenol formaldehyde), Goodman liquid (a mixture of water, glycerol
and urea), Lexan (polycarbonate), M3 (a mixture of parffin wax, magnesium oxide and
calcium carbonate), Mix D (a mixture of paraffin wax, polyethylene, magnesium oxide
and titanium dioxide), MS15 (a mixture of epoxy, phenol, polyethylene and aluminium
oxide), MS20 (a mixture of epoxy, phenol, polyethylene and aluminum oxide), nylon 6,
paraffin wax, Perspex, polystyrene, Shonka plastic (a mixture of polyethylene, nylon, car-
bon and calcium fluoride), Temex (a mixture of carbon, sulphur, titanium dioxide and
zinc oxide) and water for muscle tissue, with all elemental compositions and material
names provided by White [16]. Moreover, we will study BUF values for a photon energy
interval of 0.15–15 MeV and penetration depths up to 40 mfp and PDD distributions for
a realistic irradiation scenario of a 6 MV photon beam and a 5× 5 cm2 field size. Finally,
a statistical comparison will be performed to decide which TMM is most appropriate for
the given tissue.
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The results of this study can be considered by the radiophysics community using
currently available TMM-based methods as a continual improvement to the mimicking
material search procedure.

2. Materials and Methods

For the purposes of this paper, we will outline the methods used to examine the
radiological properties of tissues and substitutes. Firstly, we will propose the Monte
Carlo simulation procedure to calculate the PDD for a realistic external photon beam
irradiation scenario. Secondly, we will describe the BUF computation method. Finally, we
will enumerate other radiological parameters used for the TMM search process.

2.1. PDD Simulation

Radiation dose distribution assessment is a challenging clinical problem that requires
the development of computing technologies to achieve the best clinical outcomes. As a
realistic application, we carried out a simulation of the percentage depth dose distribution
of a 6 MV photon beam having a field size of 10× 10 cm2 and characterizing the output of
the clinical linear accelerator Varian Clinax iX through a box phantom (48× 48× 41 cm3)
located at 100 cm from the source. The box composition can be any of the studied materials.
As such a procedure is time consuming, it was divided into two stages: (i) simulation of
the accelerator head concluding in a phase-space file (containing particles type, energy,
position, direction,. . .) and (ii) simulation of the dose distribution within the target. Thus, a
schematic view of PDD computation for a linear accelerator photon beam, including the
different parts of the head Linac and voxels used for dose scoring within a water phantom,
is shown in Figure 1. Moreover, we used the characteristic phase-space file of the Linac
provided by the Nuclear Data Section of the IAEA [17] (more than 2 GB size) and a specific
interface for Geant4 simulations [18]. We scored the absorbed dose along the principal
beam direction using voxels with 1 mm depth. Next, we normalized the obtained data
to their maximum value. For the simulation procedure, we used the Geant4 physics list
“emstandard_opt3” and the global cut-range of 1 mm for photons and electrons. Moreover,
we carried out the simulation using a 40 core Dell Precision T7610 workstation equipped
with an Intel Xeon E5-2680v2 CPU at 2.80 Ghz and 256 GB RAM and an 8 core Dell Precision
M3800 laptop equipped with an Intel Core i7-4702HQ CPU at 2.20 Ghz and 16 GB RAM,
with all of them working under the Linux operating system (Ubuntu 14.04). The statistical
error related to the photon detections was less than 2% for every run carried out during
this work.

2.2. BUF Computation

The computation of the buildup factor followed the three steps of (i) the calculation
of the equivalent atomic number(Zeq), (ii) the interpolation of the fitting parameters from
existing data and (iii) the derivation of the BUF value.

Based on the total and the Compton attenuation coefficients, (µT/ρ) and (µC/ρ) (both
given in cm2/g) provided by the NIST website [19], for a photon energy from 0.15 to 15 MeV
(17 standard values) and an atomic number from 1 to 92, we calculated Zeq according to the
following equation [20]:

Zeq =
Z1(log R2 − log R) + Z2(log R− log R1)

log R2 − log R1
(1)

where R represents the fraction (µC/µT) of the compound in consideration and R1 and R2
are the fractions of the two nearest elements with atomic numbers Z1 and Z2. Since the
atomic number for composite materials is not represented by a single number across an
entire energy range similarly to pure elements, they can be represented by Zeq.
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Figure 1. Typical schematic view of PDD calculation for a linear accelerator photon beam in a water
phantom. The different parts of the head Linac and the voxels used to score the dose within the box
are shown.

On the other hand, the five GP-fitting parameters (a, b, c, d and Xk) are dependent on
Zeq and photon energy. Hence, we calculated each parameter using the data provided
by the ANSI/ANS-6.4.3-1991 report for 23 elements and 25 photon energies using the
following logarithmic interpolation formula:

F =
F1(log Z2 − log Zeq) + F2(log Zeq − log Z1)

log Z2 − log Z1
(2)

where F1 and F2 represents the values of GP-fitting parameters corresponding to Z1 and Z2,
respectively. F can be any of the five parameters. Eventually, the GP form of the BUF as
a function of depth, expressed in mean free paths X (defined as the inverse of the linear
attenuation coefficient), can be expressed as follows:

B(X)− 1
b− 1

=

{
KX−1
K−1 i f K 6= 1

X i f K = 1
(3)

where K represents the geometric progression term. Here, we can see the reason for the GP
formula nomination, as the second term of Equation (3) represented the sum of Kn for n
varying from 0 to X. For X ≤ 40 mfp, K can be written in the following way:

K(X) = cXa + d
tanh(X/Xk − 2)− tanh(−2)

1− tanh(−2)
(4)

For a fixed material and photon energy, the BUF computation procedure was based
on the calculation of Zeq, using the Equation (1), followed by the interpolation of the
GP-fitting parameters (a, b, c, d and Xk) calculated using Equation (2) and plugged into
Equations (3) and (4).

During this work, we computed BUF for 5 tissues and 30 TMM candidates. Table 1
illustrated the elemental composition of the studied materials and tissues. For each stud-
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ied case, the photon energy range of 0.15–15 MeV and the penetration depth range of
0.5–40 mfp were represented by 17 standard energies and 17 standard depths, resulting in
289 values of BUF. More explanations were given within our previous work [13].

Table 1. Percentage elemental composition and equivalent atomic number (for three photon energies
in MeV) of studied tissues and their mimicking material candidates.

Material Elemental Composition
Zeq

0.5 5 15

Adipose H(12.001), C(64.005), N(0.800), O(22.902), Na(0.050), Mg(0.002) 6.67 5.374 5.348
P(0.016), S(0.070), Cl(0.120), K(0.030), Ca(0.002), Fe(0.002)

AD1 H(8.359), C(69.133), N(2.360), O(16.938), F(3.070), Cl(0.140) 6.713 5.656 5.619
AD2 H(11.180), C(53.310), O(35.510) 6.914 5.635 5.597
AD3 H(14.370), C(85.630) 5.928 4.742 4.705

Bone H(3.392), C(15.509), N(3.972), O(44.128), Na(0.060), Mg(0.210) 14.08 10.49 10.44
P(10.206), S(0.310), Ca(22.213)

CB1 Al(100.000) 13 13 13
CB2 H(4.840), C(38.436), Cl(56.724) 14.51 11.38 11.32
CB3 H(3.100), C(31.260), N(0.990), O(37.570), Cl(0.050), Ca(27.030) 14.27 10.11 10.06
CB4 C(24.020), F(75.980) 8.653 8.251 8.243
CB5 H(4.686), O(56.630), P(10.867), K(27.817) 14.11 10.94 10.88

Fat H(12.210), C(76.080), O(11.710) 6.007 5.127 5.111
FA1 H(14.369), C(85.607), O(0.004), Sb(0.020) 6.382 4.749 4.71
FA2 H(11.701), Li(3.48)), C(72.748), O(12.071) 6.775 5.09 5.076
FA3 H(11.840), C(77.320), O(10.840) 6.774 5.141 5.126

Lung H(10.134), C(10.237), N(2.866), O(75.752), Na(0.184), Mg(0.007) 8.153 6.576 6.547
Al(0.001), P(0.082), S(0.225), Cl(0.266), K(0.194), Ca(0.010)

Fe(0.041), Zn(0.001)
LU1 H(5.741), C(73.947), N(2.010), O(18.142), Sb(0.160) 9.129 5.873 5.821
LU2 H(6.000), C(51.440), N(4.290), O(30.720), Al(7.550) 8.231 6.536 6.511
LU3 H(10.100), B(8)), C(79.200), O(0.120), S(1.910), Zn(0.670) 8.843 5.325 5.298

Muscle H(10.200), C(12.300), N(3.500), O(72.893), Na(0.080) 8.075 6.534 6.506
Mg(0.020), P(0.200), S(0.500), K(0.300), Ca(0.007)

MU1 H(8.830), C(64.450), N(4.050), O(20.350), Cl(2.240), Sb(0.080) 8.908 5.843 5.79
MU2 H(8.871), C(66.817), N(3.100), O(21.132), Sb(0.080) 8.037 5.63 5.593
MU3 H(5.740), C(77.460), O(16.800) 6.438 5.771 5.73
MU4 H(10.200), C(12.010), N(3.540), O(74.250) 7.505 6.459 6.435
MU5 H(5.549), C(75.573), O(18.878) 6.526 5.827 5.783
MU6 H(11.430), C(65.580), O(9.220), Mg(13.480), Ca(0.290) 8.287 5.891 5.833
MU7 H(13.401), C(77.799), O(3.500), Mg(3.860), Ti(1.440) 8.436 5.274 5.247
MU8 H(9.750), C(63.160), N(0.940), O(16.020), Al(9.600), Cl(0.530) 8.437 6.06 6.045
MU9 H(8.119), C(58.344), N(1.780), O(18.638), Mg(13.029), Cl(0.090) 8.316 6.338 6.317

MU10 H(9.799), C(63.683), N(12.379), O(14.139) 6.364 5.48 5.452
MU11 H(14.860), C(85.140) 5.902 4.706 4.67
MU12 H(8.051), C(59.986), O(31.963) 6.918 5.843 5.796
MU13 H(7.74), C(92.26) 6.301 5.284 5.267
MU14 H(10.2), C(76.8), N(3.6), O(5.9), F(1.7), Ca(1.8) 8.043 5.489 5.456
MU15 H(9.654), C(87.489), N(0.06), O(0.473), S(1.539) 8.42 5.407 5.377

Ti(0.332), Zn(0.453)
MU16 H(11.19), O(88.81) 7.72 6.505 6.478

2.3. Analysis Procedure

Other physical parameters were evaluated for tissues and TMMs. Among them, we
used the NIST database to calculate the mass attenuation coefficient (µ/ρ) and the mass
energy absorption coefficient (µen/ρ) according to the additivity rule [21] as follows:

µ

ρ
= ∑

i
wi(

µ

ρ
)i (5)
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where wi represents the fraction by weight of the ith element of the material.
Additionally, we investigated two other parameters useful for dose calculation (diag-

nosis/therapy) called the effective atomic number (Ze f f ), defined as the weighted average
of the number of electrons per atom in a composite material and the effective electron
number Ne f f , which is defined by the number of electrons per unit of mass.

Such parameters are given by [13]:

Ze f f =
∑i fi Ai(

µ
ρ )i

∑i fi
Ai
Zi
( µ

ρ )i
(6)

and

Ne f f = NA
Ze f f

∑i ni Ai
(7)

where Ai, Zi, fi and ni are the atomic mass, the atomic number, the molar fraction and
the number of atoms of the ith element and NA the Avogadro number (602.214× 1021),
respectively.

After calculating all needed parameters, we derived the percentage of the relative
difference between each tissue and TMM candidate values. The computation of the different
parameters was performed with an in-house C++ based program executed under the
Ubuntu operating system.

3. Results and Discussion

Figure 2 shows the comparison of the Geant4-simulated and experimental PDD data
for a 6 MV photon beam, 3× 3 cm2 field size and an 100 cm source-to-surface distance (SSD)
through water medium. With a statistical error related to the simulation of about 2% and an
experimental error of about 2%, we can observe the good agreement of both distributions.
Moreover, we confirm the ability of Geant4 to reproduce a PDD distribution for similar
situations, as already carried out in the literature [22–24]. Such good agreement allowed us
to safely proceed with the present method of the PDD simulation for other materials than
water medium. Table 2 lists the radiological properties of the studied tissues, including Zeq,
µ/ρ, µen/ρ, Ze f f and the GP-fitting parameters of the BUF for a photon energy between
0.15 and 15 MeV.

Figure 2. Comparison of Geant4-simulated (based on IAEA phase space file) and experimental PDD
data for a 6 MV photon beam (field size of 3× 3 cm2) within water.
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Table 2. Physical properties of the studied tissues: GP-fitting parameters of the BUF (a, b, c, d and
Xk), equivalent atomic number (Zeq), mass attenuation coefficient (µ/ρ), mass energy absorption
coefficient (µen/ρ) in cm2/g and effective electron density (×10−23) at different photon energies
between 0.15 and 15 MeV.

0.15 0.2 0.3 0.4 0.5 1 1.5 2 3 5 10 15

Adipose

a −0.222 −0.217 −0.190 −0.172 −0.154 −0.100 −0.077 −0.048 −0.016 0.018 0.041 0.047
b 4.117 3.517 3.022 2.746 2.575 381.555 2.046 1.931 1.772 1.590 1.379 1.282
c 2.600 2.507 2.230 2.047 1.890 1.496 1.345 1.204 1.065 0.935 0.854 0.834
d 0.099 0.095 0.082 0.073 0.067 0.046 0.041 0.025 0.009 −0.010 −0.019 −0.026

Xk 14.121 13.923 14.174 13.864 14.149 13.909 13.740 14.253 12.433 14.772 13.016 14.469
Zeq 6.626 6.640 6.658 6.662 6.670 6.664 5.428 5.394 5.383 5.374 5.362 5.348
µ/ρ 0.151 0.137 0.119 0.107 0.097 0.071 0.058 0.050 0.040 0.030 0.021 0.018

µen/ρ 0.027 0.030 0.032 0.033 0.033 0.031 0.029 0.026 0.023 0.019 0.015 0.014
Ze f f 2.999 2.991 2.987 2.985 2.984 2.983 2.985 2.991 3.014 3.073 3.242 3.397
Ne f f 1.546 1.542 1.540 1.539 1.539 1.538 1.539 1.542 1.554 1.585 1.671 1.751

Bone

a −0.041 −0.056 −0.078 −0.081 −0.080 −0.063 −0.049 −0.034 −0.011 0.016 0.042 0.062
b 2.722 2.661 2.482 2.353 2.250 1.978 1.874 1.798 1.687 1.539 1.349 1.263
c 1.266 1.365 1.468 1.471 1.453 1.323 1.234 1.155 1.056 0.955 0.875 0.826
d −0.007 −0.006 0.014 0.016 0.018 0.019 0.017 0.012 0.001 −0.019 −0.032 −0.053

Xk 10.507 7.952 16.942 15.907 16.301 15.937 14.926 14.499 10.770 15.083 13.319 14.462
Zeq 14.088 14.172 14.022 14.063 14.082 14.102 11.402 10.753 10.572 10.486 10.449 10.437
µ/ρ 0.148 0.131 0.111 0.099 0.090 0.066 0.053 0.046 0.037 0.029 0.023 0.021

µen/ρ 0.032 0.030 0.030 0.031 0.031 0.029 0.026 0.024 0.021 0.019 0.016 0.016
Ze f f 6.258 6.122 6.041 6.015 6.004 5.990 5.994 6.019 6.102 6.315 6.860 7.300
Ne f f 1.733 1.696 1.673 1.666 1.663 1.659 1.660 1.667 1.690 1.749 1.900 2.022

Fat

a −0.217 −0.213 −0.211 −0.192 −0.171 −0.110 −0.081 −0.049 −0.017 0.018 0.041 0.048
b 4.062 3.471 3.147 2.842 2.656 1191.250 2.064 1.946 1.780 1.596 1.382 1.285
c 2.545 2.470 2.412 2.196 2.010 1.544 1.361 1.210 1.067 0.934 0.853 0.831
d 0.097 0.093 0.094 0.080 0.079 0.053 0.045 0.027 0.010 −0.010 −0.018 −0.025

Xk 14.117 13.694 14.409 13.472 14.190 13.780 13.764 14.372 12.632 14.888 13.289 14.154
Zeq 6.763 6.774 6.002 6.004 6.007 6.001 5.162 5.140 5.132 5.127 5.121 5.111
µ/ρ 0.151 0.138 0.119 0.107 0.098 0.071 0.058 0.050 0.040 0.030 0.021 0.018

µen/ρ 0.027 0.030 0.032 0.033 0.033 0.031 0.029 0.026 0.023 0.019 0.015 0.013
Ze f f 2.931 2.925 2.922 2.920 2.920 2.919 2.920 2.926 2.947 3.000 3.153 3.294
Ne f f 1.585 1.582 1.580 1.580 1.579 1.579 1.579 1.583 1.594 1.623 1.705 1.782

Lung

a −0.161 −0.167 −0.152 −0.139 −0.126 −0.083 −0.061 −0.041 −0.014 0.018 0.039 0.047
b 3.856 3.307 2.859 2.621 2.468 2.093 1.981 1.873 1.731 1.567 1.366 1.273
c 2.054 2.073 1.932 1.815 1.713 1.414 1.282 1.182 1.060 0.940 0.865 0.841
d 0.063 0.066 0.058 0.053 0.048 0.033 0.027 0.019 0.005 −0.012 −0.022 −0.032

Xk 14.487 14.052 14.196 14.240 14.239 14.432 14.473 13.965 13.183 13.953 13.409 15.140
Zeq 8.079 8.093 8.128 8.144 8.153 8.156 6.682 6.608 6.592 6.576 6.550 6.547
µ/ρ 0.149 0.136 0.118 0.105 0.096 0.070 0.057 0.049 0.039 0.030 0.022 0.019

µen/ρ 0.027 0.029 0.032 0.032 0.033 0.031 0.028 0.026 0.023 0.019 0.016 0.014
Ze f f 3.493 3.479 3.470 3.466 3.465 3.464 3.465 3.476 3.510 3.599 3.847 4.071
Ne f f 1.482 1.476 1.473 1.471 1.470 1.470 1.470 1.475 1.489 1.527 1.632 1.727

Muscle

a −0.163 −0.168 −0.153 −0.140 −0.127 −0.084 −0.062 −0.042 −0.014 0.018 0.039 0.047
b 3.874 3.317 2.866 2.625 2.471 2.096 1.983 1.875 1.733 1.568 1.367 1.273
c 2.067 2.086 1.941 1.822 1.718 1.416 1.284 1.183 1.060 0.940 0.865 0.841
d 0.064 0.067 0.059 0.054 0.048 0.033 0.028 0.019 0.005 −0.012 −0.021 −0.032

Xk 14.481 14.035 14.198 14.214 14.219 14.390 14.423 13.967 13.099 13.991 13.333 15.149
Zeq 8.010 8.022 8.053 8.067 8.075 8.076 6.637 6.564 6.549 6.534 6.509 6.506
µ/ρ 0.149 0.136 0.118 0.105 0.096 0.070 0.057 0.049 0.039 0.030 0.022 0.019

µen/ρ 0.027 0.029 0.032 0.032 0.033 0.031 0.028 0.026 0.023 0.019 0.016 0.014
Ze f f 3.471 3.458 3.450 3.446 3.444 3.443 3.444 3.455 3.488 3.576 3.822 4.043
Ne f f 1.483 1.477 1.473 1.472 1.471 1.471 1.471 1.476 1.490 1.527 1.632 1.727
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3.1. Adipose Tissue

• PDD distribution: Figure 3 shows the Geant4-simulated percentage depth dose dis-
tributions for the five studied tissues for a 10× 10 cm2 field size for a 6 MV photon
beam. The PDD distribution is a function of depth, field size and SSD and can be char-
acterized by the surface dose (d0(%)), depth of maximum dose (dmax(cm)) 80% dose
(d80%(cm)), and dose at depth of 10 cm (d10cm(%)) and 20 cm (d20cm(%)). We can
see a fast increase followed by a slower decrease after reaching the maximum photon
absorption. The first region is caused by the backscattering dominance, whereas the
second region simply describes the exponential attenuation of photons through matter;

• Photon energy effect: The incident photon energy dependence of adipose tissue BUF
for fixed penetrations of 0.5, 5, 15, 25 and 40 mfp is shown in Figure 4 (left side).
For each penetration depth, BUF continuously decreased as a function of energy. In
order to understand such phenomena, the studied energy interval can be divided
into two subintervals: from 0.15 to 1 MeV corresponding to the Compton process
domination and from 1 to 15 MeV, where the pair production effect is dominant. The
large value of the BUF at the beginning of each curve can be explained by the multiple
Coulomb scattering, which only attenuates and does not totally absorb the photon
energy, existing for a longer time in the medium. Similarly to the photoelectric effect,
resulting in lower BUF values due to the total energy absorption, the second energy
interval is mainly dominated by the pair production process;

• Penetration depth effect: Figure 4 (right side) shows the dependence of BUF on
penetration depth dependence for fixed photon energies of 0.2, 0.5, 1, 1.5, 5, 10 and
15 MeV for adipose tissue. Generally, increased BUF values for deeper penetrations
were observed. However, the increasing rate of BUF (comparing 0.5 to 40 mfp range
edges) is inversely proportional to photon energies. Additionally, we can see the
contribution effect of secondary photons to BUF due to the multiple scattering effect,
which reaches a maximum at 1 MeV;

• Chemical composition effect: A major effect on the BUF magnitude is caused by the
difference in the chemical compositions of adipose tissue and the equivalent candidate
materials. Figure 5 shows the relative BUF deviations of AD1, AD2 and AD3 to
adipose tissue as a function of energy at fixed penetrations of 0.5, 15 and 40 mfp and
as a function of mfp at selected photon energies (0.5, 5 and 15 MeV). According to
the photon energy region, the magnitude of the build-up factor and its dependence
on Zeq vary. As the relative deviation of BUFs are given in terms of delta(%) = 100 ×
(1 − BUF(Material)/BUF(Adipose)) in Figure 5, we have:
BUF(AD2) > BUF(AD1) > BUF(Adipose) > BUF(AD3), and from Table 1, we have
Zeq(AD2) < Zeq(AD1) < Zeq(Adipose) < Zeq(AD3), which confirms the theoretical
hypothesis that BUF and Zeq are inversely proportional;

• TEM study: Based on the relative difference between the radiological properties of
tissues and mimicking material candidates in % for BUF, Zeq, µ/ρ, µen/ρ, Ze f f , Ne f f ,
d0 and dmax and in cm for d80, d10cm and d20cm listed in Table 3 and plotted
in Figure 5, we can see the close similarity of the AD1 candidate to adipose tissue.
Moreover, the substitute AD2 seems to be closer to adipose tissue when looking for
other parameters than BUF and Zeq. However, the discrepancy of AD3 compared to
adipose tissue was seen for many parameters. Therefore, AD1 can be an acceptable
TMM for adipose for the actual photon energy range.
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Figure 3. Geant4-simulated PDD of adipose, cortical bone, fat, lung and muscle tissues for a
10× 10 cm2 field size of a 6 MV photon beam.

Figure 4. Buildup factor for adipose tissue as a function of: (left side) photon energy for fixed depths
between 0.5 and 40 mfp and (right side) depth for a fixed photon energy between 0.15 and 15 MeV.

3.2. Cortical Bone Tissue

Generally, the effects of the penetration depth, the photon energy and the chemical
composition on BUFs for cortical bone are similar to the adipose case study. Moreover,
we can see from Figure 6, which shows the energy and the penetration depth effects on
BUF for cortical bone tissue, that the previously described dependence as a function of
Zeq remains valid. Additionally, from Figure 7 and Table 3, which present the relative
percentage deviation of BUF and PDD for candidate materials for cortical bone, we can
observe the usual similarities between CB3 and cortical bone. Accordingly, CB3 can be
used in medical imaging, dosimetry and radiotherapy as a TMM that precisely models
cortical bone tissue.
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Figure 5. Relative percentage deviation of BUF values of substitute materials for adipose tissue as a
function of: (left side) photon energy for fixed depths of 0.5, 15 and 40 mfp and (right side) depth
for fixed photon energies of 0.5, 5 and 15 MeV.
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Table 3. Relative difference between tissues and mimicking material candidate properties in % for
BUF, Zeq, µ/ρ, µen/ρ, Ze f f , Ne f f , d0 and dmax and in cm for d80, d10cm and d20cm. Here, d0, dmax,
d80, d10cm and d20cm are represented as the superficial, maximum, 80% of the maximum, and depth
of 10 cm and 20 cm adsorbed dose, respectively.

Tissue Material BUF Zeq µ/ρ µen/ρ Ze f f Ne f f d0(%) dmax(cm) d80%(cm) d10cm(%) d20cm(%)

Adipose
AD1 1.9 3.1 3.1 3.1 17.0 13.3 1.6 0.3 0.3 0.3 2.0
AD2 8.0 4.3 0.6 0.6 4.9 0.5 0.8 0.0 −0.1 0.1 0.0
AD3 26.0 11.5 1.6 1.6 10.8 0.3 0.8 0.0 −0.1 1.1 2.0

Bone

CB1 6.9 15.6 5.0 5.5 108.5 68.0 23.6 −0.3 -1.1 19.1 33.9
CB2 4.2 5.7 0.7 0.9 9.6 20.7 14.3 0.2 1.2 15.6 33.2
CB3 0.6 2.3 0.3 0.4 2.1 2.4 1.1 0.1 −0.2 0.0 0.3
CB4 78.8 29.9 8.9 9.9 28.6 61.4 0.5 0.1 −0.3 2.5 6.7
CB5 0.6 2.4 0.9 0.9 5.8 12.3 2.4 0.3 0.1 3.0 5.7

Fat
FA1 10.8 7.1 1.5 1.6 8.7 2.7 0.0 0.3 0.0 2.3 0.6
FA2 9.9 4.9 0.9 0.9 0.4 1.4 2.9 0.0 0.0 1.9 1.0
FA3 9.8 4.7 0.3 0.3 1.3 1.3 0.4 0.2 0.0 0.5 0.2

Lung
LU1 5.7 11.2 4.6 4.5 14.8 32.3 6.5 0.4 -1.3 2.6 5.7
LU2 0.5 0.8 4.0 4.0 18.8 22.3 7.3 0.5 −0.2 0.2 0.4
LU3 4.8 13.5 1.8 1.8 10.2 10.3 7.3 1.2 −0.1 0.4 0.0

Muscle

MU1 4.3 9.8 1.9 1.9 0.6 11.8 2.3 0.0 0.0 3.1 0.2
MU2 2.1 8.0 2.0 2.1 1.5 15.4 4.2 −0.2 0.0 2.1 0.8
MU3 28.4 15.7 4.7 4.8 14.8 34.4 8.4 0.0 −0.7 7.2 12.0
MU4 6.1 3.9 0.1 0.1 0.2 1.0 2.3 −0.4 −0.4 4.4 4.6
MU5 25.7 14.8 4.8 5.0 16.5 35.2 6.9 0.1 −0.7 5.6 9.3
MU6 1.8 6.4 0.8 0.9 10.3 1.6 1.9 0.0 0.0 2.0 2.1
MU7 3.3 12.0 2.2 2.3 19.1 2.2 1.9 −0.3 −0.1 1.9 1.7
MU8 2.4 5.8 1.2 1.2 3.4 3.5 2.7 0.2 0.1 3.2 1.3
MU9 1.5 2.9 2.2 2.2 5.8 10.3 2.7 −0.2 0.1 1.7 0.2
MU10 31.2 18.5 1.4 1.5 5.9 12.9 15.6 −0.6 −1.3 11.1 21.7
MU11 50.6 27.5 3.2 3.3 24.4 2.8 7.6 −0.2 0.3 0.4 3.2
MU12 15.4 12.4 2.6 2.7 3.8 18.0 5.0 −0.1 −0.3 6.3 8.6
MU13 33.6 20.5 3.4 3.6 1.6 27.0 0.8 0.3 0.0 1.7 1.5
MU14 2.5 8.8 1.1 1.1 8.2 9.5 3.1 −0.1 −0.3 3.9 7.8
MU15 2.9 10.8 1.6 1.6 7.0 12.6 1.9 0.1 0.1 1.6 0.6
MU16 3.5 2.3 1.6 1.6 6.5 7.1 0.8 0.2 0.2 1.3 0.8

3.3. Fat Tissue

The inverse proportionality of BUF and Zeq has been shown in Figure 8, for fat tissue.
Moreover, from Table 3 and Figure 9, we observe that all studied parameters, including
BUF and PDD distributions, usually reveal close similarities between FA3 and fat tissue.
Hence, FA3 can be considered an acceptable TMM for fat tissue in medical physics.

3.4. Lung Tissue

Figure 10 confirms the relationship between the equivalent atomic number and the
buildup factor for lung tissue. Furthermore, Table 3 and Figure 11 show that all studied
parameters, including BUF and PDD distributions, generally reveal close similarities be-
tween LU3 and lung tissue. Therefore, LU3 can be an acceptable TMM for lung tissue for
the actual studied photon energy range.

3.5. Muscle Tissue

The observed data in Figure 12 underline the hypothesis of inverse proportionality
between BUF and Zeq for muscle tissue. Moreover, Table 3 and Figure 13 show that all
studied parameters, including BUF and PDD distributions, usually reveal close similarities
between MU8 and muscle tissue. Thus, MU8 can be served as a nearly ideal TMM for
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muscle tissue. Moreover, we can consider MU6, MU9 and MU16 as good TMMs for muscle
tissue for the actual photon energy range.

Quality assurance and optimization are urgently needed today for textured phantoms
used in medical imaging, dosimetry and radiotherapy. Among the existing methods,
the usage of 3D-printed customized boluses [25–27] has been introduced as the most
promising procedure for TMM fabrication. However, we can consider this study, jointly
to our previous work, as an added value for the development of in-house phantoms by
offering the easiest formulation and manufacturing process to the scientific community.
Furthermore, we will investigate the topic of the search of TMM made of 3D printing
materials for nuclear medicine purposes for a photon energy range of 0.015–15 MeV during
our next work.

In summary and based on using BUF and a CT number at 30, 100 and 120 kVp
for a 0.015–0.15 MeV photon energy interval and on BUF and PDD distributions for a
0.15–15 MeV photon energy interval, we conclude that CB3 and MU8 can be considered as
nearly perfect TMMs for cortical bone and muscle tissues, respectively. Additionally, AD1,
FA3 and LU3 can be acceptable TMMs for adipose, fat and lung tissues, respectively.

Figure 6. Buildup factor for cortical bone tissue as a function of: (left side) photon energy for fixed
depths between 0.5 and 40 mfp and (right side) depth for a fixed photon energy between 0.15 and
15 MeV.

Figure 7. Cont.
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Figure 7. Relative percentage deviation of the BUF value of substitute materials for cortical bone
tissue as a function of: (left side) the photon energy for fixed depths of 0.5, 15 and 40 mfp and (right
side) depth for fixed photon energies of 0.5, 5 and 15 MeV.

Figure 8. Buildup factor for fat tissue as a function of: (left side) photon energy for fixed depths
between 0.5 and 40 mfp and (right side) depth for fixed photon energies between 0.15 and 15 MeV.
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Figure 9. Relative percentage deviation of the BUF values of substitute materials for fat tissue as a
function of: (left side) photon energy for fixed depths of 0.5, 15 and 40 mfp and (right side) depth
for fixed photon energies of 0.5, 5 and 15 MeV.
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Figure 10. Buildup factor for lung tissue as a function of: (left side) photon energy for fixed depths
between 0.5 and 40 mfp and (right side) depth for fixed photon energies between 0.15 and 15 MeV.

Figure 11. Cont.
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Figure 11. Relative percentage deviation of the BUF values of substitute materials for lung tissue as a
function of: (left side) photon energy for fixed depths of 0.5, 15 and 40 mfp and (right side) depth
for fixed photon energies of 0.5, 5 and 15 MeV.

Figure 12. Buildup factor for muscle tissue as a function of: (left side) photon energy for fixed depths
between 0.5 and 40 mfp and (right side) depth for fixed photon energies between 0.15 and 15 MeV.

Figure 13. Cont.
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Figure 13. Relative percentage deviation of BUF values of substitute materials for muscle tissue as a
function of: (left side) photon energy for fixed depths of 0.5, 15 and 40 mfp and (right side) depth
for fixed photon energies of 0.5, 5 and 15 MeV.

4. Conclusions

Currently, medical diagnosis and therapy can be performed using tissue mimicking
materials modeling the whole human body or a part of it. In this study, we investigated
several radiological properties of human tissues (adipose, cortical bone, fat, lung and
muscle) and TMM candidates for a photon energy range of 0.15–15 MeV. In addition to
the standard selection criteria of analyzing the attenuation coefficients, we studied the
dependence of the buildup factor on photon energy and penetration depths up to 40 mfp.
Therefore, we developed an in-house C++ program for BUF computation based on the
GP-fitting method. Moreover, we simulated and compared the percentage depth dose
distributions of a realistic 6 MV photon beam (with a 10× 10 cm2 field size) through tissues
and TMMs using the Geant4 Monte Carlo toolkit. This procedure helped us to distinguish
between good and perfect TMM candidates. Consequently, we found that MU8 and CB3
perfectly imitate muscle and cortical bone tissues, respectively. However, AD1, FA3 and
LU2 can be suitable for modeling adipose, fat and lung tissues, respectively. Eventually,
this study shows that TMMs are beneficial for medical research since they are capable of
simulating idealized tissue and allowing the examination of medical devices, procedures
and imaging in a test setting without harming animals or humans.
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version of the manuscript.
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Abbreviations
The following abbreviations are used in this manuscript:

GP Geometric progression
BUF Buildup factor
AD1 AP6
AD2 Ethoxyethanol
AD3 Polyethylene
CB1 Aluminum
CB2 P.V.C.
CB3 SB3
CB4 Teflon
CB5 Witt liquid
FA1 Alderson fat
FA2 FT1
FA3 Glycerol trioleate
LU1 Alderson lung
LU2 LN1
LU3 Stacey latex
MU1 Alderson muscle 1
MU2 Alderson muscle 2
MU3 Bakelite
MU4 Goodman liquid
MU5 Lexan
MU6 M3
MU7 Mix D
MU8 MS15
MU9 MS20
MU10 Nylon-6
MU11 Paraffin wax
MU12 Perspex
MU13 Polystyrene
MU14 Shonka plastic
MU15 Temex
MU16 Water
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