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Radiological Characterization of a Tissue-Equivalent Material for Trabecular
Bone: From Diagnostic Imaging to Radiotherapy
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The development of accurate trabecular bone-equivalent materials remains
essential for improving the reliability of anthropomorphic phantoms used in
medical imaging and radiotherapy. In this work, an epoxy-TiO, composite
(75/25%) was developed and characterized over a wide photon energy range
extending from 10 keV to 25 MeV. The evaluation combined theoretical
calculations using the XCOM database, determination of effective atomic number
and effective electron density using Phy-X/PSD, and experimental validation
through computed tomography.

At low energies (< 40 keV), the mass attenuation coefficient (u/p) shows relative
differences ranging from 8% to 14%, while Z_eff values remain close, with
deviations within 3% to 5% around 10 keV. In the diagnostic energy range (50—
200 keV), u/p values exhibit a strong agreement, with deviations generally below
2%, despite larger differences in Z_eff exceeding 20%. In this same range, N_eff
values converge, with relative differences typically within 1% to 3%, supporting
the similarity of photon interaction properties. At higher energies (> 200 keV),
including the radiotherapy domain, u/p values remain consistent within 1% to
4%, indicating stable attenuation behavior across extended energy conditions.
Experimental CT measurements yielded Hounsfield Unit (HU) values between
226.9 and 296.8 HU, with an average of 271.2 HU, closely matching the clinical
reference for trabecular bone (265.4 + 3.2 HU). These results demonstrate that
the developed composite provides a reliable approximation of trabecular bone
and represents a cost-effective solution for applications in both CT imaging and
radiotherapy dosimetry.
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INTRODUCTION

The use of ionizing radiation in radiotherapy is a cornerstone of
modern cancer treatment, where the accurate delivery of dose to
target volumes while preserving surrounding healthy tissues is
essential [1]. This precision relies on a reliable representation of
photon transport and energy deposition in biological tissues at
megavoltage (MeV) energies [2]. In parallel, ionizing radiation is
extensively employed in medical imaging, where kiloelectronvolt
(keV) photon beams are used to visualize anatomical structures
with high spatial resolution [3]. Although these two domains
operate in distinct energy ranges, they are closely interconnected
in clinical practice, particularly for treatment planning, image-
guided radiotherapy, and dose verification [4-6]. Consequently,
there is an increasing need for tissue-equivalent materials capable
of accurately reproducing the radiological behavior of biological
tissues across both diagnostic and therapeutic energy ranges [7,8].

From a physical perspective, photon—matter interactions are
strongly energy-dependent [9,10]. At low energies, typically below
100 keV, attenuation is dominated by the photoelectric effect [11],
which is highly sensitive to the effective atomic number (Z_eff)
of the material [12]. In the intermediate energy range relevant to
medical imaging, Compton scattering becomes the predominant
interaction mechanism and depends [13] mainly on the effective
electron density (N_eff) [14]. At higher energies, particularly
above 1 MeV, pair production contributes increasingly to photon
attenuation [15]. Therefore, a material intended to simulate
biological tissues over a wide energy spectrum must reproduce not
only its macroscopic density but also its fundamental atomic and
electronic properties governing these interaction processes. This
requirement represents a significant challenge in the development
of versatile and reliable tissue-equivalent materials.

Anthropomorphic phantoms are used in medical physics to
simulate human anatomy under controlled conditions without
exposing patients to radiation [16]. They are useful in quality
assurance [17], system calibration [18], dosimetric validation
[19], and experimental studies in both imaging and radiotherapy
[20,21]. However, most existing phantoms are designed for a
specific application and energy range, and their performance may
not be consistent when extended to different conditions [22-25].
In particular, materials optimized for imaging applications may
not accurately reproduce tissue behavior at therapeutic energies,
and vice versa . This limitation highlights the need for new
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materials capable of maintaining consistent radiological properties
across a broad energy domain.

The challenge is particularly significant for bone tissue, which
exhibits complex composition and heterogeneous structure. Bone
is generally classified into cortical and trabecular components, each
with distinct radiological characteristics [26]. Trabecular bone,
which is characterized by a porous structure and lower mineral
density, presents significantly lower radiodensity than cortical
bone [27]. In clinical imaging, trabecular bone typically exhibits
Hounsfield Unit (HU) values that do not exceed approximately 300
HU. However, most commercially available and experimentally
fabricated phantoms intended to represent bone are designed with
significantly higher HU values, often exceeding 500 HU [28].
As a result, these phantoms tend to represent cortical rather than
trabecular bone.

This discrepancy has important implications for both experimental
and simulation-based studies. The use of materials with higher-
than-realistic HU values may lead to an overestimation of photon
attenuation and dose deposition, particularly in applications
involving low-density bone structures [29,30]. Consequently,
studies conducted using such phantoms may not accurately
reflect the radiological behavior of trabecular bone under clinical
conditions. This limitation underlines the necessity of developing
materials specifically designed to reproduce the properties of
trabecular bone with improved fidelity.

To address these challenges, the present study focuses on the
development and characterization of a novel tissue-equivalent
material intended to simulate trabecular bone. The proposed
material is designed to reproduce the radiological properties of this
tissue across a wide photon energy range, extending from 10 keV
to 25 MeV, thereby ensuring its applicability in both diagnostic
imaging and radiotherapy contexts. This dual applicability
represents a key objective of the study, as it enables the use of a
single material for multiple clinical and research purposes.

The characterization of the developed material is based on a
comprehensive evaluation of its radiological parameters. The
mass attenuation coefficient (u/p), effective atomic number
(Z_eff), and effective electron density (N_eff) are determined as
functions of photon energy using a theoretical calculations based
on XCOM and Phy-X/PSD platforms. These parameters provide
complementary insights into photon interaction mechanisms and
are essential for assessing the equivalence between the developed
material and biological bone tissue.

The obtained results are systematically compared with reference data
for bone derived from established databases ICRP [31], allowing
the identification of potential deviations and their dependence
on photon energy. By addressing both the keV and MeV energy
domains, this study aims to provide a consistent framework for
evaluating tissue-equivalent materials and to contribute to the
development of more accurate and versatile phantoms.

Ultimately, the proposed approach secks to overcome the
limitations of existing bone phantoms by introducing a material
that more accurately reflects the radiological properties of
trabecular bone. This advancement is expected to improve the
reliability of experimental measurements and simulation studies,
particularly in applications where accurate representation of low-
density bone structures is required.

MATERIALS AND METHODS

Materials Preparation and Composite Fabrication

The bone-equivalent material was developed using a composite
consisting of epoxy resin as the matrix and titanium dioxide (TiO,)
as the filler. A composition of 75% epoxy resin (C,,H,5ClOs) and
25% TiO, was selected to approximate the radiological properties
of adult trabecular bone. The components were accurately weighed
and mechanically mixed to ensure a homogeneous dispersion of
TiO, particles within the epoxy matrix. The mixture was then
allowed to cure at room temperature until complete polymerization
was achieved. To limit the presence of entrapped air, the mixture
was processed under controlled stirring conditions and allowed to
rest prior to polymerization, facilitating the release of air bubbles
and improving material uniformity. The composite was then left
to cure at room temperature until complete polymerization was
achieved.

To assess the reproducibility of the fabrication process, six samples
were prepared under identical conditions. The resulting materials
exhibited consistent physical properties, with a measured density
of approximately 2.0 g/cm?, in agreement with values reported for
bone-equivalent materials in the literature.

Determination of Elemental Weight Fractions

The elemental composition of the developed epoxy-TiO,
composite [Tablel], was determined based on the mass fractions of
its constituent elements [Table1]. This step is essential for accurate
theoretical calculations of radiological parameters, including the
mass attenuation coefficient (/p), effective atomic number (Zeff),
and effective electron density (Neff). The weight fraction of each
element i was calculated using the general relation:
I L

wp = Tjnjd; (1)
Where n, denotes the number of atoms of the i element in the
molecular structure and A its corresponding atomic weight.
The denominator represents the total molecular weight of the
compound. For the composite material, the overall elemental
composition was obtained by combining the contributions of each
constituent (epoxy resin and TiO,) according to their respective
weight fractions. This approach ensures an accurate representation
of the material in subsequent simulations and theoretical

Table 1: Comparative Elemental Analysis of the Developed Composite and ICRP Trabecular Bone

Elements H C N 0]
Composite 0.06 0.39 - -

Trabecular bone ICRP 0.034 0.155 0.042 0.435

Na Mg P S Ca cl Ti
- - - - - 0.09 0.15
0.001 0.002 0.103 0.003 0.225 - -
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calculations. In order to assess the suitability of the developed
material as a bone-equivalent substitute, a comparative analysis
was performed using the elemental composition of adult cranial
bone as defined in the ICRP reference human tissue data. The
elemental weight fractions of the composite were systematically
compared to those of the reference cortical bone to evaluate the
level of agreement in terms of atomic composition, which directly
influences photon interaction processes and radiological behavior.

Evaluation of Effective Atomic Number (Z_eff)
and Effective Electron Density (N_eff)

The effective atomic number (Zeff) and effective electron density
(Neff) of the developed composite were evaluated to assess
its radiological equivalence to trabecular bone tissue. These
parameters are fundamental for characterizing photon—matter
interactions, as Zeff predominantly influences the photoelectric
effect at low energies [32], while Neff governs Compton scattering
in the diagnostic energy range [33].

The calculations were performed using the Phy-X/PSD software
[34], which is based on XCOM photon interaction cross-section
data and the elemental composition of the material. Zeff was
determined as an energy-dependent parameter by combining the
contributions of the constituent elements according to their atomic
numbers and weight fractions. Similarly, the effective electron
density was calculated from the elemental composition, taking
into account the number of electrons per unit mass. The obtained
Zeff and Neff values were compared with those of reference
trabecular bone derived from ICRP data. This comparison allowed
for the evaluation of the material’s ability to reproduce the
radiological behavior of bone tissue across the investigated energy
range, thereby providing additional validation beyond the mass
attenuation coefficient (u/p).

Determination of Mass Attenuation Coefficient
(u/p) Using XCOM:

The mass attenuation coeflicient (u/p) of the investigated
materials was determined using theoretical calculations based on
their elemental composition and corresponding mass fractions.
The calculations were performed using the XCOM database
[35], which provides photon interaction cross-sections over a
wide energy range and is commonly used for the evaluation of
attenuation properties.

The determination of W/p relies on the Beer—Lambert law, which
describes the exponential attenuation of a photon beam as it
propagates through a material:

I=I,e™ )

Where 10and I represent the incident and transmitted photon
intensities, respectively, | is the linear attenuation coefficient, and
t is the material thickness. The mass attenuation coefficient (u/p)
was subsequently obtained by normalizing the linear attenuation
coeflicient to the material density.

The W/p values were calculated over the investigated energy range
using XCOM, based on the defined elemental composition.

These results were used to analyze the attenuation behavior of the
material and to assess its suitability as a bone-equivalent substitute
across different photon energies.

CT Imaging Acquisition and Quantitative Houn-
sfield Unit (HU) Analysis

Computed tomography (CT) imaging was performed to evaluate
the radiodensity of the developed bone-equivalent composite
using a clinical Philips Access CT 16 scanner under standardized
conditions. Six samples were scanned under identical acquisition
parameters, including a tube voltage of 120 kVp, a slice
thickness of 1.25 mm, and a rotation time of 0.75 s, consistent
with routine adult imaging protocols. For each sample, three
repeated acquisitions were performed to assess measurement
reproducibility. Regions of interest (ROIs) were defined within
homogeneous areas of each sample, avoiding edges and air—
material interfaces to minimize partial volume effects. The results
were expressed as mean * standard deviation, and the coefficient
of variation (CV %) was calculated to quantify the dispersion of
the measurements.

In parallel, clinical reference data were collected from adult
CT examinations to identify representative Hounsfield Unit
(HU) values for trabecular bone. Three anatomical regions
predominantly composed of trabecular bone were considered: the
pelvis, thoracic spine, and lumbar spine. A total of 59 pelvic, 46
ribs, and 86 lumbar CT scans were analyzed, corresponding to a
total of 191 examinations. ROIs were placed within these regions
to extract HU values, and an average HU value was determined as
representative of human trabecular bone.

To further investigate the energy dependence of the developed
material, additional acquisitions were performed at 80, 100,
120, and 140 kVp. This approach enabled the evaluation of HU
variation with photon energy and the assessment of the consistency
of the material’s radiological behavior across the diagnostic energy
range.

RESULTS

In this study, the developed bone-equivalent composite, formulated
with 75% epoxy resin and 25% TiO,, was first characterized
in terms of its p0068ysical properties. The material exhibited a
measured mass density of 2.0 g/cm3, while the reference density
of human trabecular bone is reported to be 1.92 g/cm3. This close
agreement in density provides an initial indication of the suitability
of the proposed material for simulating trabecular bone.

The energy dependence of the effective atomic number (Z_eff) for
both trabecular bone and the developed epoxy-TiO, composite is
presented in [Figure 1], over a broad photon energy range extending
from 0.001 to 20 MeV. This representation allows a direct comparison
of the radiological behavior of the two materials across the different
interaction regimes. In addition, the relative deviation between the
composite and trabecular bone is also illustrated to quantify the level
of agreement as a function of energy.

In the low-energy range (below 30 keV), the average deviation
remains relatively limited, with values typically ranging between
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Figure 1: Z_eff variation and relative deviation as a function of photon energy

1% and 5%, indicating a good agreement between the two
materials. In the intermediate energy range (40-200 keV), the
discrepancy becomes more pronounced, with relative differences
increasing to approximately 20%-26%, corresponding to the
transition toward Compton-dominated interactions. Beyond
200 keV, the deviation stabilizes and remains nearly constant,
with values around 19%-26% over the high-energy range,
reflecting a systematic difference between the composite and
trabecular bone.

[Figure 2], reports the effective electron density (N_eff) values
obtained for trabecular bone and the developed epoxy-TiO,
composite across the investigated energy range. In contrast
to Z_eff, which reflects the atomic composition, N_eff directly
characterizes the electron population per unit volume, a parameter
that governs photon scattering processes.

The Figure data include the calculated N_eff values for both
materials together with the relative deviations. This presentation
enables a quantitative evaluation of the proximity between the
composite and trabecular bone, particularly in terms of electron
density, which is a key parameter for accurately describing photon
interactions in practical applications.

The results show that the effective electron density (N_eff) of the
epoxy—TiO, composite remains systematically higher than that of
trabecular bone across the entire investigated energy range. At low
energies (< 40 keV), the discrepancy is significant, with relative
differences reaching approximately 22% to 42%, reflecting
the influence of the material composition in the photoelectric-
dominated region. As the energy increases toward the diagnostic
range (40-200 keV), the deviation decreases markedly, with
differences typically falling within 1% to 14%, indicating a strong
convergence between the two materials. Beyond 200 keV,
N_eff values for both materials exhibit a stable behavior, with
a nearly constant relative difference of about 1%-11% over
the MeV range. This trend highlights that, despite noticeable
deviations at low energies, the developed composite provides
a closer approximation of trabecular bone in terms of electron

4 —

density under clinically relevant conditions, where Compton
scattering predominates.

[Figure 3], presents the mass attenuation coefficient (p/p) of
trabecular bone and the developed epoxy-TiO, composite as a
function of photon energy over a wide range extending from 0.01
to 15 MeV. In addition to the attenuation curves, the relative
deviation between the two materials is also shown to quantify the
level of agreement across the investigated energy spectrum. Unlike
parameters such as Z_eff, the mass attenuation coefficient directly
reflects the combined contribution of all photon interaction
mechanisms, including photoelectric absorption, Compton
scattering, and pair production.

The results presented in Figure X, obtained using the XCOM
database based on the elemental composition of each material,
show a clear energy-dependent agreement between trabecular
bone and the epoxy-TiO, composite. At low energies (< 40
keV), noticeable differences are observed, with relative deviations
reaching approximately 6% to 14%, primarily due to the strong
sensitivity of the photoelectric effect to atomic number and
composition. As the photon energy increases into the diagnostic
range (50-200 keV), the discrepancy decreases significantly, with
deviations generally remaining below 2%, indicating a strong
convergence between the two materials. At higher energies (> 200
keV), the attenuation coeflicients exhibit very similar behavior,
with relative differences typically within 1% to 3%, reflecting
the dominance of Compton scattering and the reduced influence
of elemental composition. These results confirm that, despite
moderate deviations at low energies, the developed composite
accurately reproduces the attenuation properties of bone over the
clinically relevant energy range.

In addition to the theoretical evaluation, the radio-density of
the developed composite was experimentally assessed through
computed tomography by measuring the Hounsfield Unit (HU)
values of the fabricated samples. The results obtained from repeated
acquisitions are presented in [Figure 4], [Table 2].
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Figure 2: Comparison of effective electron density (N_eff) for trabecular bone and epoxy-TiO, composite across the investigated energy range
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Figure 3: Comparison of mass attenuation coefficients (u/p) for trabecular bone and epoxy-TiO, composite across the investigated energy range

Figure 4: Measured Hounsfield Unit (HU) values of the fabricated epoxy—-TiO, samples under clinical CT conditions

The HU measurements presented in Figure X and Table X show a
moderate variability in radio-density among the fabricated samples,
despite their identical composition. The measured values range
from 226.9 HU to 296.8 HU, while the reference value for human
trabecular bone is 265.4 + 3.2 HU. This dispersion is therefore not
attributed to compositional differences but rather to experimental
factors such as sample positioning, local inhomogeneities, or
imaging-related uncertainties. The overall mean HU value of

the samples (271.2 HU) remains close to the reference, with a
deviation of approximately +2.2%, indicating a good agreement
with the targeted radio-density. In addition, the low coeflicients
of variation (CV < 1%) confirm the high reproducibility of repeated
measurements for each individual sample. These results demonstrate
that the developed material provides a consistent radiological response
and is capable of approximating the HU range of trabecular bone
under clinical CT conditions.
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Table 2: Measured Hounsfield Unit (HU) values of the fabricated samples with corresponding statistical parameters and reference human data

UH

Sample 1 234.9
Sample 2 296.8
Sample 3 226.9
Sample 4 280.9
Sample 5 296.4
Sample 6 291.1

Pelvic trabecular bone 268.5
Spine trabecular bone 261.2
Ribs trabecular bone 265.4
Human trabecular bone 265.4

DISCUSSION

The present study addresses the radiological characterization of an
epoxy—TiO, composite designed as a trabecular bone-equivalent
material over a broad photon energy spectrum extending
from the kiloelectronvolt to the megaelectronvolt range. The
evaluation integrates theoretical predictions derived from the
XCOM database, analysis of effective electronic parameters,
and experimental validation through computed tomography
measurements, thereby enabling a comprehensive assessment of
the material’s interaction behavior.

In the low-energy range, the results indicate that the relatively small
discrepancy observed in the mass attenuation coefficient (1/p),
typically ranging between 8% and 14%, is directly associated with
the close values of the effective atomic number (Z_eff) between the
composite and trabecular bone. In this energy region, Z_eff values
remain very similar, with differences on the order of +3% to +5%
around 10 keV, leading to comparable attenuation behavior. This
relationship arises from the strong dependence of the photoelectric
effect on the effective atomic number [36], which follows a highly
non-linear variation with respect to Z, such that even small
compositional differences can influence photon absorption [37].
However, despite significantly larger deviations observed in the
effective electron density (N_eff), reaching 30% to 40% within
the same energy range, their influence on p1/p remains limited
under these conditions [38]. Therefore, the similarity in mass
attenuation coefficients between the two materials can be primarily
attributed to the proximity of their Z_eff values, confirming that
the photoelectric effect governs the attenuation process at low
photon energies [39].

In the intermediate energy range, the attenuation behavior of the
composite and trabecular bone exhibits a marked convergence,
as reflected by the very small differences observed in the mass
attenuation coeflicient (W/p), generally remaining below 2%. For
instance, at 100 keV, p1/p values are 0.1855 ¢cm?/g for trabecular
bone and 0.1840 cm?/g for the composite, indicating an almost
identical attenuation response. In contrast, the effective atomic
number (Z_eff) shows a substantial divergence in this same energy
range, with differences exceeding 20%. Despite this discrepancy,
the effective electron density (N_eff) values display a strong
agreement, with relative differences typically within 1% to 3%.
This behavior indicates that, in this energy domain, the attenuation
properties are more closely related to the electron density than
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Standard deviation Coefficient of variation %

2.1 0.89
2.8 0.94
19 0.84
2.5 0.89
2.7 0.91
2.6 0.89
34 -
3.1 -
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3.2 -

to the atomic number [40,41], explaining the high level of
consistency observed in [/p between the two materials. These
results demonstrate that, although Z_eff diverges significantly, the
composite accurately reproduces the attenuation characteristics of
trabecular bone within the clinically relevant diagnostic energy
range.

In the high-energy region (> 200 keV), particularly within the
energy range relevant to radiotherapy, the attenuation behavior
of both materials reflects the contribution of high-energy photon
interaction mechanisms. Above the threshold of 1.022 MeV,
electron—positron pair production begins to contribute to the
overall attenuation process [42]. Within this regime, the mass
attenuation coefficients (W/p) of the composite and trabecular
bone evolve in a highly similar manner, with relative differences
generally remaining within 1% to 4% across the investigated
energy range. Despite the persistence of a noticeable difference in
the effective atomic number (Z_eff), its influence on p/p becomes
less pronounced at these energies. In contrast, the effective electron
density (N_eff) exhibits a stable and closely matched evolution
for both materials, contributing to the observed consistency in
attenuation properties [43]. The inclusion of pair production
effects at higher energies further supports the overall similarity in
radiological response, highlighting the capability of the developed
composite to accurately reproduce the attenuation characteristics
of trabecular bone under high-energy irradiation conditions
relevant to radiotherapy.

The Hounsfield Unit (HU) analysis was performed as an essential
experimental validation step, complementing the theoretical
calculations derived from XCOM and Phy-X/PSD. Unlike
these theoretical approaches, which are based on monoenergetic
photon interactions, CT measurements inherently account for the
polychromatic nature of the X-ray beam, as encountered under
real clinical conditions [44]. This aspect is particularly important,
as it integrates the combined effects of beam hardening and energy-
dependent attenuation within a single measurable parameter [45].
The agreement observed between the measured HU values of the
developed composite and the clinical reference range demonstrates
that the material responds appropriately under realistic imaging
conditions. Consequently, this experimental validation confirms
the reliability of the developed material, reinforcing its suitability
as a tissue-equivalent substitute in practical applications.
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CONCLUSION

In conclusion, the developed epoxy-TiO, composite demonstrates
radiological properties comparable to trabecular bone over a wide
photon energy range from keV to MeV. While differences in
effectiveatomic numberare observed, a strongagreementisachieved
in mass attenuation coeflicient and effective electron density
within clinically relevant energy ranges. The experimental HU
measurements further confirm the reliability of the material under
realistic imaging conditions, accounting for the polychromatic
nature of the X-ray beam. In addition, the composite provides
HU values closer to clinical references compared to many existing
phantoms, offering a more accurate representation of trabecular
bone. Overall, the proposed material represents a reliable and
cost-effective solution for the development of tissue-equivalent
phantoms in both medical imaging and radiotherapy applications.
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