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The present study introduces the first magnetic characterization of a hydrogel dosimeter comprising
acrylic acid synthesized within a polyvinyl alcohol matrix. The study aims to accurately assess ionizing
radiation dose distributions, making it a valuable tool for radiotherapy treatment. The hydrogel was
irradiated to a 1-60 Gy dose range using a medical linear accelerator with dose rates of 100-600 MU/
min and radiation beam energies of 6, 10, and 15 MV. The developed dosimeter was synthesized by
irradiation-triggered polymerization, and the polymerization degree was indirectly quantified by
monitoring the positive alterations in the nuclear magnetic resonance spin-spin relaxation rate. The
polymeric hydrogel dosimeter demonstrated an exceptional dose response with an NMR sensitivity of
0.26 Gy-1s71, which is 20 times more than the sensitivity of the same gel when measured optically in
our previous study. Moreover, it exhibited consistent performance regardless of the beam energy or
dose rate.
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Abbreviations

ACA  Acrylic acid
CT Computed tomography

MRI Magnetic resonance imaging
NMR  Nuclear magnetic resonance
RT Room temperature

Hydrogel is a polymeric network in which water serves as the dispersing medium. It has a high degree of
elasticity, significant cross-linking in three dimensions (3D), and the ability to expand or contract based on the
amount of water in its structure!. Hydrogel technology is used in a variety of medical applications, including but
not limited to the burn wounds, contact lenses, hyperthermia, controlled drug delivery, and medical radiation
dosimetry?~’. This study focuses specifically on the latter application, particularly in the context of high-precision
radiotherapy techniques. These techniques aim to deliver targeted radiation doses to tumors in three dimensions
(3D) while maintaining the integrity of the surrounding healthy tissues®-12. Current conventional methods for
pretreatment verification to achieve this treatment goal include utilizing 1D dosimeters, such as ion chambers,
thermoluminescent detectors, and diode detectors, as well as 2D film dosimeters and 2D ion chambers or diode
arrays'>. However, the low resolution of these 1D or 2D methods tends to induce errors, thereby adding to
the uncertain budget of 3D dose distribution evaluations. This highlights the need for a high resolution 3D
dosimetry system. Gel dosimeters have emerged as highly effective 3D dosimetry systems with very high
resolution for radiotherapy treatment verification!*"!°. They are tissue-equivalent and possess key dosimetric
parameters, such as high dose response, wide dose range response linearity, and independence from radiation
dose rate, beam energy, and direction?*?!. Gel dosimeters can be irradiated with different ionizing radiation
sources used for various radiotherapy treatment units, and their dose responses can be evaluated by 1D methods,

such as spectrophotometry?>?* and nuclear magnetic resonance (NMR)?**%, or in 2D using a charge-coupled

1Biomedical Physics Department, King Faisal Specialist Hospital and Research Centre, Riyadh, Saudi Arabia.
2Medical and Clinical Affairs, King Faisal Specialist Hospital and Research Centre, Madinah, Saudi Arabia. *Medical
Imaging Department, Faculty of Applied Medical Sciences, The Hashemite University, Zarqa 13133, Jordan.
“Medical Physics Unit, McGill University, Montréal, Canada. °Physics Department, Faculty of Science, Yarmouk
University, Irbid 21163, Jordan. *“email: bmoftah@kfshrc.edu.sa

Scientific Reports | (2025) 15:13178 | https://doi.org/10.1038/s41598-025-96276-0 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-96276-0&domain=pdf&date_stamp=2025-4-16

www.nature.com/scientificreports/

device camera®®. Polymer gels are mainly characterized by their ability to visualize dose distributions precisely in
3D with optical computed tomography*’~%°, computed tomography (CT)3%3!, ultraviolet rays*?, and/or magnetic
resonance imaging (MRI)**-*. The past few decades have witnessed the widespread utilization of various types
of gel dosimeters containing different types of monomers’-42. The first polymer gel dosimeter was proposed in
1993*% and was called an anoxic polymer gel, wherein the deoxygenation process was performed by bubbling
the solution with nitrogen gas and acrylamide was used as a monomer, N,N’-methylenediamine-bis-acrylamide
(BIS) as a crosslinking agent, and gelatin as a matrix media. After that, various types of gels containing different
types of monomers were introduced and evaluated to improve the performance of the original composition®.

To reduce the complexity of gel preparation in a nitrogen environment, an advanced composition of polymer
gel based on a methacrylic acid monomer was prepared under normal environmental conditions**. This type of
polymer gel is called a normoxic polymer gel, wherein the deoxygenation process is performed using ascorbic
acid as an antioxidant agent. Since then, many research groups have developed various types of normoxic
polymer gel dosimeters for dose verification in radiotherapy.

Hayashi et al. (2012)*® studied the influence of inorganic salts on the dose response of a normoxic methacrylic
acid polymer gel dosimeter containing the antioxidant tetrakis (hydroxymethyl) phosphonium chloride
(THPC). Changes in the T2 relaxation time of the gels were determined by MRI after irradiation at different
doses. They found markedly improved dose sensitivity after increasing salt concentrations from 0 to 1 Molar
(M). The authors proposed that the incorporation of inorganic salts into the gel enhances the polymerization
rate. This increase in polymerization rate subsequently leads to a higher dose sensitivity of the gel.

Mattea et al. (2015)*” reported a new polymeric gel dosimeter based on itaconic acid monomers. The gel was
irradiated to high doses using dose rates ranging from 158 to 298 cGy/min. The dose response was evaluated
using Raman spectroscopy utilizing the changes in chemical differences inside the irradiated gel. Their results
showed that the dose response of this type of polymer dosimeter was strongly dependent on the change in
the dose rate. A new N-vinylpyrrolidone gel dosimeter with Pluronic F-127 was introduced by Jaszczak and
Kozicki (2020)%. The gel was irradiated to doses of up to 30 Gy using a medical linear accelerator at different
dose rates and beam energies. An NMR relaxometer was used to measure the changes in the R2 relaxation
rate of the irradiated gel. They observed that this type of polymer showed approximately 0.19 Gy per second
dose sensitivity, a 0-20 Gy linear dose range, and a 1 Gy threshold dose. They also reported that the gel was
independent of the type of radiation, dose rate, and beam energy.

Rabaeh et al. (2017)* introduced a new normoxic composition of N- (Hydroxymethyl)acrylamide (NHMA)
polymer gel dosimeter for radiotherapy applications. After irradiation, the gel was characterized by an NMR
relaxometer and an ultraviolet-visible (UV-Vis) spectrophotometer. Although the irradiated NHMA gel
demonstrated a good linear dose response of up to 10 Gy in terms of its magnetic and optical properties, it
was slightly influenced by variations in dose rate and beam energy. Rabeah and his group markedly improved
the dose sensitivity of the original NHMA composition by adding inorganic salts’>*. Recently, Rabaeh
et al. (2024)%, introduced the first successful acrylic acid (ACA) polymer hydrogel dosimeter. They studied
the optical properties of this dosimeter using spectrophotometric technique, and found that the linear dose
response extended up to 30 Gy. Additionally, the similar gel was irradiated and scanned by optical computed
tomography®®. The 3D dose map was carried out and compared with the treatment planning system, revealing a
slight difference in dose distribution as shown by the gamma pass rate.

This study examined the changes in magnetic properties of the irradiated acrylic acid polymer hydrogel
dosimeter which opens the door to measure ionizing radiation dose in three dimensional distributions using
nuclear magnetic imaging for radiotherapy treatments. The hydrogel samples were prepared under normal
environmental conditions and placed into 10-mm NMR tubes. The irradiated samples were read using the
MNR technique, which measures the polymerization degree for different doses in terms of changes in the R2
relaxation rate. While conventional polymer gels melt at room temperature (RT), the ACA hydrogeldosimeter
maintains a gelatinous state at this temperature and thus requires no storage in a refrigerator. It also shows high
dose sensitivity and a remarkable linear dose response range (up to 30 Gy) with no observable changes in its
performance when changing the dose rate or radiation beam energy.

Materials and methods

The Hydrogel dosimeter was fabricated under normal environmental conditions. Hydrogel composition
comprises an ACA monomer, a polyvinyl alcohol (PVA) matrix, a glutaraldehyde (GTA) crosslinking agent, an
N, N-methylene- bis-acrylamide (BIS) comonomer, a THPC antioxidant agent, a magnesium chloride (MgCl,)
inorganic sensitizing agent, and a triple distilled water solvent. Merck Group (St. Louis, Missouri, USA) supplied
all high-purity chemicals used for fabrication. The hydrogel gel was prepared as follows: 1 M of MgCl, salt was
added to triple distilled water at RT and magnetically stirred for approximately 30 min. After increasing the salt
solution temperature to 80 °C, 5 wt% PVA powder was added and stirred continuously until a clear solution was
obtained. Then, the solution temperature was reduced to approximately 50 °C, 3 wt% BIS powder was added,
and the solution was stirred for approximately 1 h. Once the BIS was completely dissolved, the hydrogel solution
temperature was lowered to approximately 40 °C, and 0.5 wt% ACA, 0.5 wt% GTA, and 0.3 wt THPC were
added one after the other. The mixture was stirred for approximately 4-5 min while each of those chemicals was
added. The fabricated hydrogel was then filled directly into airtight 10 ml NMR tubes (Wilmad Glass, Buena, NJ,
USA). The hydrogel samples were maintained at RT (approximately 22 °C) both before and after irradiation. In
contrast, previous types of polymer gel dosimeters typically needed to be refrigerated at 10 °C to transition from
a liquid state to a gel state and required continuous storage at low temperatures to prevent melting. Interestingly,
our ACA hydrogel polymer dosimeter can transition from a liquid state to a gelatinous state at RT within a few
hours after preparation. Furthermore, the shelf life of the ACA hydrogel polymer dosimeter extends to a couple
of months upon RT storage in the dark.
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The ACA hydrogel samples in the NMR tubes were irradiated a day after gel preparation. To balance the
sample temperature with that of the irradiation room, the hydrogel samples were kept in the room for a few
hours before irradiation. The samples were then exposed to a dose range of 1-60 Gy using a medical linear
accelerator (Varian Medical Systems, Palo Alto, California, USA) with a 6 MV photon beam at a 600 MU/min
dose rate. Each hydrogel sample was irradiated in a water phantom (30 x 30 x 30 cm?) with a 10 x 10 cm? field size
and 100 cm source-to-surface distance at a depth of 5 cm. To study the effect of the dose rate and beam energy
on the performance of the ACA hydrogel samples, some samples were irradiated at different dose rates, such as
100, 200, 300, and 400 MU/min, with 6 MV of energy. Other samples were exposed to different radiation beam
energies (10 and 15 MV) at 600 MU/min. For each energy and dose rate combination, a set of three samples was
used, and the median value of the dose response was recorded for this study. After irradiation, the samples were
RT-stored in the dark.

Changes in the magnetic properties of the irradiated ACA hydrogel samples in NMR tubes were assessed in
terms of changes in the relaxation rate (R2) using a 0.5 T NMR relaxometer (Minispec mq20, Bruker, Germany).
The R2 values were obtained after applying the Multi-Spin- Echo (Carr Purcell Meiboom Gill sequence) with
0.5 ms echo time spacing and 2000 echoes. To reduce the influence of the NMR scanning temperature, a
thermostatic circulating water bath (Julabo, Germany) was connected to the NMR relaxometer to control the
scanning temperature (approximately 20+0.1 °C). The NMR hydrogel samples were placed in a thermostatic
circulating water bath 1 h before NMR measurements to allow them to equilibrate to a controlled constant
temperature. Three measurements were taken for each MNR sample, and the median value of the measurements
was reported in this experiment. A standard NMR sample supplied by Bruker Company was used to calibrate
the NMR relaxometer before scanning the hydrogel samples.

Results and discussion

The dose response and sensitivity of the ACA hydrogel dosimeter were evaluated after irradiating the hydrogels
with an absorbed dose range of 1-60 Gy. Figure 1 shows the visual changes in opacity (representing the changes
in the R2 relaxation rate) of the unirradiated and irradiated hydrogels for different absorbed doses. The ionizing
radiation-induced dissociation of H,O molecules (which is the major component of the hydrogel, ) yields highly
reactive species (ions and free radicals). This generated free radical comonomers, which, in turn, initiated
the polymerization reaction inside the hydrogel matrix, increasing the optical intensity of the hydrogel and
rising the relaxation rates of the water proton surrounding polymer. Consequently, the spin-spin relaxation
rate (R2) can be utilized to assess the dose-response. Higher ionizing radiation dose to the hydrogel yielded
more polymers (Fig. 1). Therefore, the R2 relaxation rate of the irradiated polymeric hydrogel increased linearly
up 30 Gy, after which the response starts to saturate due to the consumption of comonomers (Fig. 2). All the
irradiated gel samples were read using an NMR relaxometer after one-day irradiation for the polymerization
to stabilize. The efficiency of the ACA hydrogel samples was obtained from the dose sensitivity, which was
calculated from the slope of the linear plot (up to 30 Gy) of the relaxation rate versus the dose (see the inset of
Fig. 2). In contrast to the prior study by Rabaeh et al. (2024), which examined the same gel optically and found
a dose sensitivity of 0.0137! 571, the dose sensitivity in this study exceeded 0.26 Gy™'s™", surpassing the values
published for most conventional polymer dosimeters, such as the NIPAMGAT polymer gel (0.12 Gy™'s™)*” and
the PAGAT polymer gel (0.09 Gy~'s™)*¢, due to higher rate of polymerization reaction of ACA and BIS. Apart
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Fig. 1. Photograph of unirradiated and irradiated polymeric hydrogel for different absorbed doses.
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Fig. 2. Changes in relaxation rate (R2) of ACA hydrogel polymer gel as a function of absorbed dose.
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Fig. 3. Changes in relaxation rate (R2) of ACA hydrogel as a function of dose rate.

from demonstrating a wider linear range of up to 30 Gy, compared to less than 20 Gy for conventional polymer
gels, our dosimeter demonstrated high transparency. This was measured previously> as an optical intensity of
0.12 before irradiation (see Fig. 1). In contrast, other polymer gel compositions often lack full transparency,
frequently appearing yellow; for instance, the optical intensity of the NMPAGAT polymer gel dosimeter is
approximately 0.23°°. Additionally, this composition can be RT-stored, whereas others must be refrigerated to
prevent melting.

The dose rate impact on hydrogel dosimeter performance was investigated at 100- 600 MU/min for a fixed
radiation beam energy of 6 MV. The samples were irradiated to doses of 6, 10, 20, and 40 Gy under similar
exposure conditions used to obtain the results shown in Fig. 2. A set of three hydrogel samples was exposed
to each selected dose, and the average dose response in terms of the R2 relaxation rate or absorbance intensity
was recorded (as represented in Fig. 3). The results showed no significant changes in the relaxation rate of the
irradiated polymeric hydrogels when the dose rate was varied from 100 to 600 MU/min (maximum coefficient of
variation < 0.03). Therefore, this new polymeric hydrogel can be used for quality assurance in medical radiation
dosimetry across a range of dose rates, eliminating the need to adjust its response for specific dose rates and
thereby enhancing the accuracy of the dosimeter under various clinical conditions.
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Fig. 4. Changes in the relaxation rate (R2) of ACA hydrogel as a function of radiation energy.
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Fig. 5. R2 relaxation rate of unirradiated ACA hydrogel dosimeter as a function of storage time up to 20
weeks.

To investigate the effect of radiation beam energy on the dose response of the ACA hydrogel dosimeter, the
most widely used radiation therapy energy range (6-15 MV) was selected with a fixed dose rate of 600 MU/
min. The hydrogel dosimeters were exposed to specific doses of 6, 10, 20, and 40 Gy. The maximum coefficient
of variation for the relaxation rate (Fig. 4) was approximately 0.012. The observed dose-independent response
and dose insensitivity to the megavoltage beam energy enhance the dosimeter’s accuracy across various clinical
settings. This underscores the feasibility of utilizing the ACA hydrogel dosimeter for routine quality assurance
in radiotherapy.

The unirradiated polymeric hydrogel dosimeter samples were read for 20 weeks after preparation on a weekly
basis to evaluate the shelflife of the hydrogels. The R2 relaxation rate of a set of five hydrogel samples was obtained,
and the average value was recorded, as reported in Fig. 5. The results show that the unirradiated polymeric
hydrogel relaxation rate was almost unchanged with increasing storage time up to 20 weeks, indicating that the
prepared new polymeric gel can be RT-stored for a long time without increasing its background temperature
or reducing its dose sensitivity. Additionally, the irradiated hydrogel stability was evaluated in this study by
irradiating the polymeric hydrogel to various doses and reading its response for up to two weeks. A group of
three samples of hydrogel was exposed to each selected dose. Figure 6 depicts the average relaxation rates for
each group. The results show that the irradiated hydrogel relaxation rate increases by approximately 25% over
a storage time of up to 4 days due to the continuity of the polymerization process. Self-development declines
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Fig. 6. R2 relaxation rate of ACA hydrogel dosimeter irradiated to 6, 10, and 20 Gy as a function of storage
time.

with time and results in a stable dose response beyond 4 days, and the stability extends to 14 days, where the
differences in relaxation rate are within the margin of errors. Efforts are ongoing to improve the initial stability of
the ACA hydrogel dosimeter relaxation rate for the first 4 days. To achieve optimal post-stability, we recommend
evaluating all gel samples under one of the following conditions: (1) after one day and within a few hours post-
irradiation, or (2) four days after irradiation.

Conclusions

An acrylic acid hydrogel dosimeter system containing radiosensitive monomers suitable for quality assurance
in medical radiation dosimetry was evaluated using relaxometry technique. The polymeric hydrogel dosimeters
contained acrylic acid monomer, which polymerized as the absorbed dose increased to 60 Gy. The developed
hydrogels are gelatinous substances that can be RT-stored before and after irradiation, whereas conventional
polymer gels must be stored at low temperatures to prevent melting. The dose response of the hydrogel was
investigated in terms of changes in the NMR relaxation rate (R2). While the new hydrogel dosimeter had a
wider linear dose range (0-30 Gy) than conventional polymer gels with similar dose sensitivities, it exhibited no
significant response or dependence on changes in dose rates or beam energies.
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Data is provided within the manuscript.
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