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A B S T R A C T

Polymer gel dosimeters, recognized for their radiological tissue equivalence, play a crucial role in clinical 
radiotherapy dosimetry by enabling high-resolution, three-dimensional dose mapping. They allow verification of 
complex treatment plans and serve as effective tools for quality assurance. Their ability to mimic human tissue 
and provide spatially resolved dose measurements has been extensively validated in both external beam therapy 
and brachytherapy. Conventional treatment planning relies on computed tomography (CT) to provide physical 
and electron density data of the target region. However, CT artifacts caused by metallic implants can compromise 
dose assessment, highlighting the need for alternative materials that accurately simulate bone tissue. This study 
presents a bone-equivalent, normoxic polymer gel dosimeter developed to mimic spongy bone tissue. Hy
droxyapatite was incorporated into a MAGICA (methacrylic acid and ascorbic acid in gelatin with copper and 
agarose) formulation to achieve physical properties that closely match those of bone. Key parameters such as 
mass density (1.190 g cm-3), effective atomic number (10.07) and electron density were consistent with those of 
trabecular bone, as reported in ICRU Report 44. The linear attenuation coefficients of the gel were experimen
tally determined at 6 and 15 megavolts (MV) using a linear accelerator (LINAC) system, and the results were in 
good agreement with theoretical values obtained from XCOM, XMUDAT and Phy-X calculations. These findings 
confirm the gel’s suitability as a bone-equivalent dosimeter with promising applications in radiotherapy research 
and quality assurance.

1. Introduction

The primary objective of radiation therapy in cancer treatment is to 
deliver the prescribed dose of radiation precisely to the targeted 
cancerous tissue while minimizing radiation-induced damage to sur
rounding healthy tissues and critical organs. With CT imaging, the 
location, size and surrounding healthy tissues of the targeted volume are 
mapped. The physical density of the tissues is also important at this 
stage. Computed Tomography (CT) scans are routinely used during the 
treatment planning process to provide geometric and physical density 
information about the anatomical structures within the target volume 
[1].

Dosimeter devices play a crucial role in this process, measuring the 

dose of ionizing radiation within their sensitive volume. Gel dosimeters, 
which are made up of radiation-sensitive chemicals, have attracted 
attention because they can provide spatially resolved dose 
measurements.

The spatial resolution of gel dosimeters is directly influenced by the 
imaging device used for their readout. Since gel dosimeters are tissue- 
equivalent, they deliver absorbed dose information without requiring 
correction factors [2]. Furthermore, they offer advantages such as en
ergy independence, dose rate independence, and direction indepen
dence, in addition to three-dimensional dose mapping capabilities. 
Customizable phantoms of desired shapes and sizes can be created by 
molding these gels.

For over a century, researchers have investigated how radiation 
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interacts with human tissues and surrounding materials using tissue- 
equivalent systems. To be considered tissue-equivalent for photon and 
electron exposures, a material’s radiation absorption and scattering 
characteristics (for a given thickness or mass) must closely resemble 
those of biological tissue. Key parameters for evaluating tissue equiva
lence include the total mass attenuation coefficient (µ/ρ) and the mass 
energy absorption coefficient (µen/ρ) for photons, as well as the mass 
stopping power (S/ρ) and angular scattering power (θ2/ρl) for electrons 
[3]. Combining these radiological properties allows for a detailed un
derstanding of radiation interactions by incorporating the specific 
weight of the material or, more reliably, the measured specific weight.

The tissue equivalence of materials is often characterized by their 
effective atomic number (Zeff) and electron density (ρe), which depend 
on chemical composition and energy [4].

Polymer gel dosimeters have emerged as highly valuable tools in 
clinical radiotherapy dosimetry due to their excellent radiological tissue 
equivalence and ability to record three-dimensional dose distributions 
with high spatial resolution. These dosimeters enable accurate mapping 
of absorbed dose distributions, making them particularly well suited for 
the verification of advanced and complex treatment plans as well as for 
routine quality assurance procedures.

Their capacity to replicate the radiological properties of human tis
sue and deliver spatially resolved dose measurements has been validated 
in various studies, underscoring their versatility in applications ranging 
from external beam therapy to brachytherapy.

In medical dosimetry, homogeneous phantoms composed of a single 
material (e.g., water or PMMA) are commonly utilized for calibration 
and reference dose measurements. In contrast, anthropomorphic phan
toms, which simulate the anatomical and radiological characteristics of 
the human body, are employed in clinical applications such as 
mammography, radiotherapy, nuclear medicine, and computed to
mography. These phantoms enable the accurate estimation of patient 
dose under realistic treatment or imaging conditions, thereby enhancing 
both dosimetric accuracy and patient safety.

In these applications, phantoms imitating the entire human body, a 
region (thorax, abdomen etc.), an organ or a tissue are produced and 
modeled [5]. For this purpose, different materials are used for tissues 
with different densities and properties [6]. In recent years, there have 
been limited studies that have contributed to soft tissue equivalent 
polymer gel dosimeters and developed new tissue equivalent polymer 
gel dosimeters. For example, Jaszczak et al. produced a gel dosimeter 
that imitates bone tissue in terms of density by adding PAGAT2–Pluronic 
F–127 with hydroxyapatite [7]. Again, Kumahara et al. produced a gel 
dosimeter like bone tissue in terms of density, electron density and 
effective mass by adding calcium hydrogen phosphate dehydrate to the 
PAGAT gel dosimeter [8].

In this study, bone-equivalent hydrogel dosimeters were developed 
by doping MAGICA (Methacrylic and Ascorbic acid in Gelatin Initiated 
by Copper Agarose addition) hydrogel with micro-sized hydroxyapatite. 
MAGICA gel is recognized for its minimal deviation in water kerma ra
tios, making it suitable for water-mimicking applications [9]. Previous 
studies have produced and characterized bone-equivalent PAGAT 
(Polyacrylamide Gelatin) gels under atmospheric conditions [7-9].

The physical and dosimetric properties of the developed gel dosim
eters were examined to evaluate their tissue equivalence and suitability 
for radiotherapy applications [10]. To date, limited research has focused 
on developing polymer gels mimicking bone for photon therapy 
dosimetry.

Key parameters determined included mass density (ρ), effective 
atomic number (Zeff), electron density (ρe), linear attenuation coefficient 
(µ), mass attenuation coefficient (µ/ρ), and Hounsfield Units (HU).

This work aims to formulate and characterize a hydroxyapatite- 
doped MAGICA gel that reproduces the radiological properties of 
human spongy bone for clinical photon energies.

2. Materials and Methods

2.1. Bone tissue equivalent normoxic polymer gel dosimeter production

The MAGIC gel formulation, as recommended by Fong et al. [11], 
was employed to produce bone-equivalent normoxic polymer gel do
simeters. The gel mixture was composed of the following components in 
sequence: 82.3 % w/w ultrapure water (HPLC grade), 8.0 % w/w Type A 
gelatin (porcine skins, 300 bloom; Fluka, Buchs, Switzerland), 9.0 % w/ 
w methacrylic acid (MAA) (Merck, Darmstadt, Germany), ascorbic acid 
(2 mmol/L; AFG Bioscience, Northbrook, IL, USA), copper sulfate 
CuSO4⋅5H2O (0.02 mmol/L; ISOLAB, Schweitenkirchen, Germany), and 
0.2 % w/w hydroquinone (Acros, Antwerp, Belgium). To improve gel 
stability, 0.5 % w/w agarose (Apollo Scientific, Cheshire, UK) was 
incorporated, resulting in a more robust formulation referred to as 
MAGICA [12]. Micro-sized hydroxyapatite (Ca10(PO4)6 (OH) 2) was 
added to match the density of spongy bone under standard laboratory 
conditions (room temperature and atmospheric pressure) (see Table 1).

To prepare 100 g of MAGICA gel dosimeter, based on Fong’s MAGIC 
formula with the additional 0.50 % agarose, the following protocol was 
followed: 

a) Preparation of Gelatin Solution − 8.0 g of porcine gelatin were added 
to 40 mL of ultrapure water (resistivity 18.2MΩ*cm, obtained by a 
water purification system Milli-Q® Direct, EMD Millipore) and left to 
hydrate for 1 h. The hydrated gelatin was dissolved at 50 ◦C under 
magnetic stirring until homogeneous. The solution was stirred using 
a magnetic stirrer until a completely homogeneous mixture was 
achieved.

b) Preparation of Agarose Solution − In a separate container, 0.5 g of 
agarose was dissolved in 30 mL of ultrapure water by stirring in a 
90 ◦C water bath. After achieving a homogeneous solution, it was 
cooled to 50 ◦C and added to the gelatin mixture.

c) Addition of Hydroquinone − Once the gel container cooled to 50 ◦C, 
0.2 g of hydroquinone dissolved in 5.0 % ultrapure water was added 
to the mixture. The gel was then allowed to cool further to 37 ◦C.

d) Incorporation of Ascorbic Acid, Copper Sulfate, and Methacrylic- 
Acid − The remaining ultrapure water was divided into two parts. 
One portion was mixed with 0.035 g of ascorbic acid, while the other 
was combined with 0.0015 g of copper sulfate. These solutions, along 
with 9 g of Methacrylic-Acid, were added to the gel container at 
37 ◦C. Stirring was continued until a homogeneous mixture was 
obtained. A mercury thermometer was used to monitor the temper
ature throughout.

e) Cuvette Filling and Storage − The prepared gel mixture was trans
ferred into 4 mL polypropylene spectrophotometer cuvettes. The gels 
were stable at room temperature (~23 ◦C) and were stored in a 
refrigerator (~4 ◦C) for 24 h before being transported to the LINAC 
room for irradiation.

The change of the soft tissue-equivalent MAGICA gel dosimeter into a 
bone tissue-equivalent gel was achieved by adding micro-sized hy
droxyapatite (µHAp; Sigma Aldrich, MA, USA; CAS number: 1306–06- 

Table 1 
Composition of MAGICA gel dosimeters.

Component MAGICA MAGICA+µHap

​ Amount (g)
Gelatin 80 80
Agarose 5 5
Methacrylic acid 90 90
Ascorbic acid 0.352 0.352
CuSO4⋅5H2O 0.015 0.015
Hydroquinone 2 2
Hydroxyapatite 0 180
Ultra-pure water 823 643
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5). Hydroxyapatite, the most abundant inorganic compound in bone 
tissue, was incorporated to match the physical density and chemical 
composition of human trabecular (spongy) bone, as defined by ICRU 
Report 44 [13]. The amount of µHAp added was calculated in direct 
proportion to replicate these properties accurately. To obtain 100 g of 
bone tissue equivalent MAGICA, 18 g of HAp was added, and the 
physical density of the produced sample was found to be 1.190 ± 0.010 
g/cm3 experimentally and was found to be like the trabecular (spon
giosa) bone tissue defined in ICRU 44 (1.180 g/cm3).

To increase the density of the MAGICA gel (initially 1.060 g/cm3) to 
match the mass density of human spongy bone tissue (1.180 g/cm3), a 
portion of water in the original formula was replaced with micro-sized 
hydroxyapatite (µHAp). The µHAp used had a particle size of 5 µm 
and a surface area of ≥ 100 m2/g. The preparation of the MAGICA gel 
followed the same procedure as before, with the following modification 
to incorporate µHAp.

Because hydroxyapatite (HAp) is inherently insoluble in aqueous 
media, it was dispersed under controlled conditions in a water bath 
maintained at 37 ◦C to facilitate even particle distribution. The disper
sion procedure was carried out for approximately 5 min, ensuring a 
homogeneous suspension of µHAp throughout the solution while pre
serving the constant temperature of 37 ◦C. To maintain experimental 
reproducibility and alignment with the initial formulation parameters, 
the total mass of the resulting gel mixture was standardized to 100 g.

2.2. Mass density measurement

The mass density of the bone-equivalent gel dosimeter was deter
mined using the Archimedes principle [14]. In the study conducted by 
Aljamal et al. to determine the radiological properties of MACICA gel, 
the density of the gel was found by Archimedes principle. The gels, 
which were filled into experimental containers with known volumes at 
room temperature (~23 ◦C), were weighed using a laboratory balance 
(sensitivity of 0.1 mg). The mass density (ρ) was then calculated using 
the following formula: 

ρhydrogel =
mhydrogel

Vhydrogel
(1) 

where ρhydrogel represents the mass density of the gel, mhydrogel is the 
mass of the gel in experiment tube, and Vhydrogel is the volume of gel 
within the experimental container. Shrinkage of the gel was considered 
when determining the final density. After the gel matrix had formed, the 
volume Vhydrogel was determined by measuring the gel’s height. The mass 
density value ρhydrogel was experimentally measured and calculated three 
times for three different gel samples.

2.3. Element composition measurements

To produce bone-equivalent MAGICA gel dosimeters, the following 
components were used in the proportions outlined in Section 2.1: Type A 
gelatin (porcine, 300 bloom) (C17H32N5O6), ascorbic acid (C6H₈O6), 
copper sulfate (CuSO4⋅5H2O), methacrylic acid (H2C(CH3)CO2H), ul
trapure water, and micro-hydroxyapatite (Ca10 (PO4)6 (OH) 2). The 
weight fractions of the elements carbon (C), hydrogen (H), oxygen (O), 
nitrogen (N), copper (Cu II), sulfur (S), and phosphorus (P) were 
determined using the formula described in [15]. 

weightfraction =
mass of the element ∈ the mixture

mass of the mixture
(2) 

2.4. Effective atomic number (Zeff) and electron density (ρe) 
measurement

The effective atomic number (Zeff) of the bone-equivalent polymer 
gel dosimeter was calculated using Mayneord’s formula [16]: 

Zeff =

[
∑n

i=1

(
αiZm

i
)
]

(
1
m

)

(3) 

For each element, αi is the electron percentage and Zi is the electron 
number [17]. The experimental constant m is 2.94 and is valid for 
biological materials and water [18]. The electron percentage is calcu
lated using the following formula [18]: 

αi =

wi

(
Zi
Ai

)

∑
wi

(
Zi
Ai

) (4) 

The weight fraction of the element is denoted as wi, and its atomic 
mass is denoted as Ai.

The electron density corresponds to the probability of finding an 
electron at a specific location, which is expressed number of electrons Ne 
per mass of an element: 

ρe

ρ =
Ne

m
=

ZNa

m
=

ZNA

A
(5) 

The unit is e.kg− 1. Number of electrons per volume V of an element: 

ρe =
Ne

V
= Z

Na

V
= ρZ

NA

A
(6) 

The unit is e.m− 3. NA is Avogadro’s number. The number of atoms per 
gram of an element Na/m is thus equal to ratio of NA/A. The element’s 
atomic number is Z, and its atomic mass is A [19].

To calculate the effective electron density of a mixture consisting of 
different elements, the equation above has been generalized and used in 
this study [20]: 

ρeff = NA
nZeff

∑
iniAi

= NA
Zeff

< A >

(
electrons

kg

) (7) 

where 〈A〉 represents the average atomic mass or effective atomic 
mass of the multi-element material, and n is the number of atoms of 
element i.

2.5. Measurement of linear (µ) and mass attenuation coefficients (µ/ρ)

To measure the linear attenuation coefficients, radio-chromic film 
dosimeters were used. First, calibration curves for EBT3 Gafchromic film 
dosimeters (Ashland® Inc., Bridgewater, USA) were established for 6 
MV and 15 MV photon energies, with doses ranging from 100 cGy to 
500 cGy (Fig. 1).

The Pixel Value (PV) obtained for each of the energy levels investi
gated was modeled as a function of the absorbed dose (D) through an 
exponential regression of the form PV = A⋅exp(b⋅D). In this expression, A 
serves as a scaling factor reflecting the initial intensity, while b char
acterizes the rate of exponential decay of PV with increasing dose. The 
regression analysis demonstrated an excellent fit across all datasets, with 
correlation coefficients consistently exceeding 0.98, confirming the 
suitability of the proposed model for describing the PV–dose 
relationship.

A single scan protocol was used for calibration [21]. The Gafchromic 
films (3 x 3 cm2) were then placed under five tissue-equivalent RW3 
solid phantoms (Sun Nuclear®, FL, USA), each with a thickness of 1 cm, 
positioned perpendicular to the direction of the beam at a source-to- 
surface distance (SSD) of 100 cm, and irradiated with a Varian Cli
nac® IX linear accelerator (Palo Alto, USA).

Additionally, five different volumes of bone-equivalent MAGICA gel, 
each with a base size of 4 cm × 4 cm and heights of 1, 2, 3, 4, and 5 cm, 
were prepared and filled into polypropylene (PP) containers (Fig. 2a-c).

In the same setup, sample containers of equivalent height replaced 
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the solid phantoms (Fig. 2b and 2c). Gafchromic film dosimeters (3 cm x 
3 cm), trimmed to fit the base area of each sample container, were 
placed beneath the containers. A dose of 200 cGy was delivered to each 
container. The irradiated film dosimeters were digitized using an Epson 
Expression 1000XL flatbed scanner (Epson America Inc., Long Beach, 
CA, USA) with a resolution of 2400 dpi x 4800 dpi and in transmission 
mode to ensure accurate dose–response acquisition. The scanned images 
were subsequently analyzed with FilmQA Pro software (version 7, 
Ashland Inc., Bridgewater, NJ, USA) to calculate the net optical density 
by subtracting the background signal and converting pixel intensity 
values into dose–response data [22]. During both the calibration curve 
development and sample irradiation, a dose rate of 300 cGy/min. was 
maintained. The linear attenuation coefficient of the bone-equivalent 
MAGICA hydrogel was then determined using the Beer-Lambert law. 

I = I0e− μx (8) 

I, is the intensity of the emerging radiation, I0, is the intensity of the 
incoming photons, µ times the thickness, x, of the material through 

which the incoming radiation passes. For a mixture consisting of 
different elements, the total mass attenuation coefficient is the sum of 
the attenuation coefficients of the elements that compose the material 
[23]. 

μ
ρ =

∑

i
wi

(μ
ρ

)

i
(9) 

Here, wi represents the weight fraction of the i-th element in the 
mixture, and (µ/ρ)i is the mass attenuation coefficient of the i-th 
element. The experimental results obtained were compared with the 
theoretical results obtained using XCOM [24], XMUDAT [25] and Phy-X 
software [26].

The XCOM program is a comprehensive database and computational 
tool designed to calculate the mass attenuation coefficients of atoms, 
compounds, and mixtures with atomic numbers below 100 over an en
ergy range from 1 keV to 100 GeV. Within this energy range, XCOM can 
determine both partial mass attenuation coefficients such as those due to 
Compton scattering, the photoelectric effect, and pair production and 
total mass attenuation coefficients. For the analysis of bone tissue- 
equivalent gel dosimeters, the “mixture” tab on the program’s main 
interface is selected, and the weight fraction of each constituent element 
is entered. By specifying the desired photon energies, the program then 
provides the corresponding partial and total mass attenuation co
efficients, allowing for detailed characterization of the material’s 
interaction with ionizing radiation.

The XMUDAT software is a computational tool used to calculate mass 
attenuation coefficients, electron densities, and effective atomic 
numbers for atoms, compounds, and mixtures over a photon energy 
range of 1 keV to 50 MeV. For the analysis of bone tissue-equivalent gel 
dosimeters, the “mixture” tab on the program’s main interface is 
selected, and the weight fraction of each constituent element is entered. 
By specifying the desired photon energies, the software then computes 
both partial and total mass attenuation coefficients, providing detailed 
information on the interaction of radiation with the material. This 
approach enables precise characterization of the dosimeter’s radiolog
ical properties, which is essential for accurate dosimetric assessments.

Phy-X/ZeXTRa software can calculate the total mass attenuation 
coefficient and energy absorption parameters because of the interaction 
of atoms with atomic numbers up to 92 with photons in the energy range 
of 1 keV to 20 MeV. In addition, the total stopping power can be 
calculated because of the interaction of charged particles such as elec
trons, protons, alpha particles and carbon ions with atoms with atomic 
numbers up to 92 in the energy range of 1 keV to 1 GeV.

On the starting page of the software, the weight fraction for each 

Fig. 1. Film dosimetry calibration curve for 6 MV and 15 MV photon energies. 
Pixel values (PV) for the different various energy levels considered were fitted 
as a function of the absorbed dose using an exponential regression of the form 
PV = A*exp(b*Dose), where A is a scaling factor, and b represents the 
decay rate.

Fig. 2. Schematic illustration of the experimental setup inside the LINAC room (not to scale). Yellow boxes represent water-equivalent thicknesses; the dosimetry gel 
is shown in white, and the radiochromic film in blue. (a) Setup for the calibration of the Gafchromic film; (b) Dose measurement through a 1 cm-high sample; (c) Dose 
measurement through a 4 cm-high sample. In both (b) and (c), the dose is recorded by the Gafchromic film after transmission through the sample.
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element that makes up the bone tissue equivalent gel dosimeter is 
entered. The sum of the weight fractions equals 1. Photon was chosen as 
the radiation type of interest. Atomic number (Z)-Photon Interaction 
(ZPI) was chosen to calculate the total photon interaction based on the 
X-ray mass attenuation coefficient (XMAC).

2.6. CT scan of MAGICA Gel, Bone-Equivalent MAGICA Gel, and Water- 
Filled sample Vials

Computed tomography (CT) imaging was performed using an 
Aquilion® LB multi-slice CT scanner (Toshiba, Nasu, Japan). The study 
utilized 4.0 cm3 spectrophotometer cuvettes containing MAGICA gel, 
bone-equivalent MAGICA gel, and water, alongside an empty container 
assumed to represent air. Scans were acquired using a head and neck 
imaging protocol with a 700 mm field of view (FOV), a 512 × 512 
reconstruction matrix, 120 kVp tube voltage, and 300 mAs tube current. 
A slice thickness of 1 mm was applied for all acquisitions, ensuring high 
spatial resolution and accurate characterization of the phantom 
materials.

2.7. Irradiation procedure and MRI scanning

The bone-equivalent hydrogels were poured into spectrophotometer 
cuvettes and stored at + 4 ◦C for 24 h to reach thermal equilibrium 
before being transferred to the LINAC room. During irradiation and 
subsequent scanning or measurements, the gels were maintained at 
approximately 23 ◦C.

For each irradiation, the LINAC was calibrated in accordance with 
the IAEA TRS-398 code of practice (IAEA 2000) [27] using an Ionization 
Chamber (CI). For the calibration, the CI was positioned in a water 
phantom at a depth of 10 cm, using as reference conditions a sour
ce–surface distance of 100 cm and a field size 10 cm × 10 cm, for all the 
x-ray beam energies.

The gel sample containers were positioned at the isocenter, with a 
Source Surface Distance (SSD) of 100 cm and a field size of 10 cm x 10 
cm, while the gantry was set to 0◦. Each sample was irradiated indi
vidually. One container was kept aside without irradiation to serve as a 
background reference.

To generate the dose–response curve of the bone tissue-equivalent 
hydrogel, computed tomography (CT) images were imported into the 
treatment planning system (TPS), and the monitor unit (MU) value 
required to deliver the prescribed dose to the center of the gel phantom 
was calculated. Treatment planning was performed using the Eclipse™ 
v13.6 treatment planning system (Varian Medical Systems, Palo Alto, 
CA, USA). The gel samples were irradiated using a Varian Clinac® IX 
linear accelerator (Palo Alto, USA), delivering doses of up to 40 Gy at a 
rate of 300 cGy/min with a photon energy of 6 MV. Afterwards, the 
samples were wrapped in aluminum foil to block light and stored in a 
refrigerator at + 4 ◦C for 24 h prior to MRI scanning.

After irradiation and refrigeration, the gel samples were brought to 
the MRI room, where they were allowed to equilibrate thermally at ~ 
23 ◦C for approximately 10 h. MR images of the irradiated gel samples 
were acquired using a 1.5 T Signa Explorer® MRI device (GE, Milwau
kee, USA) with an RF head coil. The imaging protocol included a 
Repetition Time (TR) of 4040 ms, Echo Times (TE) of 113 ms and 123  
ms. The parameters were chosen both following the literature and to 
maximize image-contrast [28]. To obtain the dose–response curve, three 
independently prepared samples were irradiated under identical con
ditions at the same dose levels on separate occasions. Corresponding MR 
images were acquired for each irradiation, and the variability between 
measurements remained consistently below 5 %.

3. Results and Discussion

3.1. Basic characteristics of dosimeter

The mass density of the bone-equivalent gel dosimeter has been 
experimentally measured to be 1.190 ± 10 g/cm3. This parameter is 
essential for accurately mimicking the density of bone tissue.

The elemental compositions of different gel formulations, including 
MAGICA and MAGICA+µHAp, were determined. These gel dosimeters 
were designed to closely mimic the composition of human bone tissue. 
Comparison of these compositions with actual bone materials, such as 
skeletal spongiosa, confirms their tissue-equivalent properties.

The effective atomic number (Zeff) and electron density (ρe) of the gel 
dosimeters were calculated, providing critical information for their use 
in radiation therapy simulations. The values obtained indicate that these 
gel dosimeters closely resemble the radiation interactions realized in 
human bone tissue (Table 2, Table 3 and Table 4).

Experimental measurements of mass attenuation and linear attenu
ation coefficients for the gel dosimeter were compared with results 
calculated using XCOM, XMUDAT and Phy-X programs. The close 
agreement between experimental and calculated values underscores the 
accuracy and reliability of these dosimeters in simulating radiation in
teractions (Table 5).

The experimental linear attenuation coefficients were determined as 
0.030 ± 0.002 cm-1 at 6 MV and 0.020 ± 0.001 cm-1 at 15 MV, while the 
mean theoretical values (XCOM, XMUDAT, Phy-X) were 0.033 cm-1 at 6 
MV and 0.024 cm-1 at 15 MV. Although the absolute deviations were 
only 0.003–0.004 cm-1, they correspond to relative differences of 
approximately 9 % (6 MV) and 17 % (15 MV). These discrepancies can 
be explained by the expected uncertainty of radiochromic film dosim
etry, typically reported as ± 5–10 % depending on calibration, energy 
dependence, and scanner reproducibility [29–32], as well as by the 
photon spectrum of clinical linac beams, which differs from the mono
energetic assumptions used in theoretical datasets [27,33]. The linear 
attenuation coefficient (µ) was experimentally measured using film 
dosimetry for 6 MV and 15 MV photon energies. Based on the obtained 
results, a thickness versus relative dose graph was plotted (Fig. 3), and 
the linear attenuation coefficient (µ) for 6 MV and 15 MV photon en
ergies was determined using the Lambert-Beer principle.

The logarithm of the intensity ratios versus gel thickness was fitted 
using linear regression. For the energies considered, the fitting model 
showed very good correlation with the data, with r2 values greater than 
0.998, indicating consistency within the experimental uncertainty.

The bone tissue-equivalent gel dosimeters, irradiated up to 40 Gy 
with a 6 MV photon energy produced by linear accelerators used in 
clinics, were obtained by processing the images from a magnetic reso
nance imaging (MRI) device using ImageJ software [34] and measured 
values with a rectangular Region of Interest (ROI).

A linear regression analysis was performed to evaluate the rela
tionship between absorbed dose and R2. Linear regression analysis was 
conducted using least-squares fitting (OriginPro v2024). The results 
demonstrated a significant dose–response relationship (p < 0.05), con
firming that the observed increase was statistically significant at the 
95% confidence level. The p-value was obtained from the t-test statistic 
of the slope coefficient relative to its standard error. The dose–response 
curve of the bone-equivalent gel dosimeter indicates a potential to 
provide dose information, suggesting that with further validation it 
could become a useful tool in radiation therapy studies. (Fig. 4) [35].

Furthermore, the electron density and effective mass calculated for 
MAGICA and bone tissue-equivalent gel using the PhyX/ZeXTRA pro
gram were found to be very close to the values defined for soft tissue and 
trabecular bone in ICRU 44 [13] (Fig. 5).

The MAGICA+µHAp bone-equivalent gel dosimeter demonstrates 
good promise as a tool for simulating radiation interactions in human 
bone tissue, especially spongy bone. This formulation combines the 
benefits of normoxic polymer gel technology with hydroxyapatite 
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doping, to provide radiological and dosimetric equivalence to human 
spongiosa bone tissue.

The measured Hounsfield Unit (HU) value of 360 ± 4 exhibits strong 
agreement with the reference values reported in the literature for spongy 
(trabecular) bone, thereby validating the reliability of the proposed 
formulation as a bone-equivalent material [34].

The detailed investigation of the MAGIC+µHAp hydrogel revealed 
properties consistent with human bone, including its elemental 

composition, mass density, electron density, number of electrons per 
unit volume, effective atomic number, and linear attenuation coeffi
cient. These parameters collectively demonstrate that the gel effectively 
reproduces the radiological response of spongiosa bone tissue. Conse
quently, the MAGIC+µHAp hydrogel can be regarded as a robust 
radiological and dosimetric surrogate, broadening its applicability in 
radiation therapy dosimetry, treatment verification, and phantom-based 
experimental studies.

In contrast to previous studies employing PAGAT gels doped with 
magnesium chloride or hydroxyapatite precursors for bone mimicry, the 
present work introduces a non-toxic, normoxic MAGICA gel matrix 
doped with hydroxyapatite (µHAp). Notably, the linear attenuation co
efficient of the MAGIC+µHAp gel was determined at clinically relevant 
therapeutic x-ray energies, addressing a significant limitation of earlier 
research that utilized non-clinical energy ranges. This approach elimi
nates the need for energy-dependent corrections when evaluating tissue 
equivalency under therapeutic x-ray conditions. Such characterization is 
essential for developing materials suitable for use in radiotherapy ap
plications [8,36–45].

Additionally, we have experienced that hydroxyapatite is an ideal 
material for creating bone tissue equivalent gel dosimeters, as it shows 
low solubility and high stability at 37 ◦C and slightly higher 

Table 2 
The elemental composition of MAGIC gel, MAGICA gel, MAGICA+µHAp, water and human skeleton spongiosa.

Material wC wH wO wN wCa wP wCu wS

MAGICa 0.075 0.1062 0.8120 0.014 0.000 0.000 5.08 x 10-6 2.58 x 10-6

MAGICA 0.095 0.104 0.787 0.014 0.000 0.000 5.08 x 10-6 2.58 x 10-6

MAGICA+µHap 0.095 0.086 0.698 0.014 0.072 0.033 5.08 x 10-6 2.58 x 10-6

SKELETON SPONGOISAb 0.404 0.085 0.361 0.028 0.074 0.034 0.000 0.000
WATER 0.000 0.111 0.888 0.000 0.000 0.000 0.000 0.000

a (Fong et al., 2001) [11] b(ICRU 44) [13].

Table 3 
Mass density, electron density, number of electrons per gram and effective 
atomic number for MAGIC gel, MAGICA gel, MAGICA+µHAp, water, human 
skeleton spongiosa.

Material ρ 
(g cm− 3)

ρe 

(x 1029 e m− 3)
ρe/ρ 
(x1026 e kg− 1)

Zeff

MAGICa 1.060 3.51 3.310 7.07
MAGICA 1.037 3.44 3.323 7.30
MAGICA+µHap 1.190 ± 2 3.90 3.28 10.07
SKELETON 

SPONGIOSAb
1.180 3.84 3.26 9.85

WATER 1.000 3.34 3.34 7.22

a (Fong et al., 2001) [11] b.

Table 4 
Mass Absorption Coefficient (MAC), Linear absorption coefficient (LAC), number of electron per gram (ρe/ρ) and effective atomic number (Zeff) for MAGICA+ µHAp gel 
and human skeleton spongoisa change with photon energy calculated by Phy-X program [26].

MAGICA SPONGOI MAGICA SPONGOI MAGICA SPONGOI MAGICA SPONGOI MATERIAL

+μHAp SA BONE +μHap SA BONE +μHap SA BONE +μHAp SA BONE AL
Zeff Zeff ρe/ρ ρe/ρ LAC LAC MAC MAC Energy
​ ​ electrons/g electrons/g 1/cm 1/cm cm2/g cm2/g MeV
10.48 10.53 8.89E + 23 9.26E + 23 2.194 2.081 1.844 1.764 2.00E-02
6,15 5,94 5,21E + 23 5.22E + 23 0.473 0.458 0.397 0.388 4.00E-02
4.73 4.54 4.01E + 23 4.00E + 23 0.287 0.281 0.241 0.38 6.00E-02
4.27 4.10 3.62E + 23 3.61E + 23 0.234 0.230 0.196 0.195 8.00E-02
3.89 3.75 3.30E + 23 3.29E + 23 0.161 0.159 0.135 0.135 2.00E-01
3.86 3.71 3.27E + 23 3.27E + 23 0.123 0.122 0.104 0.104 4.00E-01
3.85 3.71 3.27E + 23 3.26E + 23 0.104 0.103 0.087 0.087 6.00E-01
3.85 3.71 3.26E + 23 3.26E + 23 0.091 0.090 0.077 0.077 8.00E-01
3.85 3.70 3.26E + 23 3.26E + 23 0.082 0.081 0.069 0.069 1.00E + 00
3.87 3.72 3.28E + 23 3.27E + 23 0.057 0.057 0.048 0.048 2.00E + 00
3.97 3.81 3.37E + 23 3.35E + 23 0.040 0.039 0.034 0.033 4.00E + 00
4.10 3.93 3.48E + 23 3.45E + 23 0.033 0.032 0.028 0.027 6.00E + 00
4.24 4.05 3.59E + 23 3.56E + 23 0.029 0.028 0.024 0.024 8.00E + 00
4.37 4.16 3.71E + 23 3.66E + 23 0.027 0.026 0.022 0.022 1.00E + 01
4.67 4.43 3.96E + 23 3.89E + 23 0.024 0.023 0.020 0.019 1.50E + 01

Table 5 
Experimental Measurements of Mass Attenuation and Linear Attenuation Coefficients of Bone-Equivalent MAGICA Gel Dosimeter Compared with Results Calculated 
Using XCOM, XMUDAT and Phy-X Programs.

Linear Attenuation Coefficients Mass Attenuation Coefficients
µ (cm− 1) (µ/ρ) (cm2/g)
MAGICA + µHAP SPONGOISA MAGICA + µHAP SPONGOISA
6 MV 15 MV 6 MV 15 MV 6 MV 15 MV 6 MV 15 MV

Experimental 0.030 0.020 − − 0.025 0.017 − −

XCOM 0.033 0.024 0.032 0.023 0.028 0.018 0.027 0.020
XMUDAT 0.032 0.024 0.032 0.023 0.027 0.020 0.027 0.020
Phy-X 0.033 0.024 0.032 0.023 0.028 0.020 0.027 0.019
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temperatures. These properties ensure long-term reliability in biological 
environments [46–48].

Finally, the linear attenuation coefficient was determined at clini
cally relevant treatment energies, which differ from those employed in 
previous studies.

4. Conclusions

The MAGIC+µHAp gel dosimeter mimic the response of bone tissue 
to radiation, integrating the adaptable properties of MAGIC gel with the 
bone-mimicking characteristics of micro-structured hydroxyapatite 
(µHAp).

This hydrogel exhibits radiological and dosimetric parameters that 
are consistent with those of trabecular bone, including Zeff, ρe and HU 
values.

This advanced composition results in a superior dosimetric system 
with enhanced tissue equivalence. It is particularly valuable in radio
therapy applications, supporting more precise treatment planning and 
promising improved clinical outcomes.

Future investigations will focus on assessing the material’s dose 

linearity, temporal stability and overall imaging compatibility, with the 
aim of ensuring its clinical viability.
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