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Abstract: Accurate treatment planning in radiotherapy essentially decreases secondary damage to
healthy tissue surrounding the tumor. Due to plans to use a direct, highly collimated, narrow beam
with high intensity to treat small area tumors, researchers have studied microbeam radiation ther-
apy extensively. Using a synchrotron beam as the radiation source may help to limit secondary
damage, but treatment planning using computerized simulations and dosimetry is still necessary to
achieve optimal results. For this purpose, PDA-gel dosimeters were developed and their sensitivity
around a 150 keV induced synchrotron X-ray radiation beam was examined via Monte Carlo simu-
lations using the EGS5 code system. The microbeam development is now at the animal study stage.
In this study, we simulate the irradiation of a rat's brain.

The simulation results obtained spectra for two types of PDA-gel dosimeters that were compared
with the spectrum obtained in a modelized brain tumor of a rat. Additionally, percentage depth
dose curves were calculated for the brain tissue and the two gels. Correction equations for the do-
simeters were obtained from the dose-difference plots. For further references, these equations can
be used to calculate the actual dose in a brain tumor in a rat. The Monte Carlo simulations demon-
strate that PDA-gel dosimeters can be used as a reference technique in planning treatment using
synchrotron irradiations and in other medical treatment planning methods.

Keywords: X-ray, Gel dosimeters, EGS5, Monte Carlo simulations, percentage depth dose, polydi-
acetylene.

1. Introduction

Three-dimensional (3D) dosimetry is increasingly used in radiation therapy because it
can expand our knowledge regarding the dose distribution of high-energy radiation in
the human body. Such information can help improve treatment planning accuracy and
decrease the secondary damage to the healthy cells surrounding a tumor.

For this reason, scholars and practitioners are devoting increasing attention to Polymer
gel dosimeters, which have the unique ability to record in 3D irradiated doses in the en-
ergy range of medical treatments. Polymer gel dosimeters are based on crosslinking
monomers in a gel matrix via radiation-induced polymerization to form a polymer with
different physical or chemical properties in the irradiated area, thereby recording the
dose distribution in that area [1]. Various polymer gel-type dosimeters are being studied
and developed, including the standard polyacrylamide-based dosimeters (PAG, or the
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commercially available name BANG®) [2,3]. These dosimeters consist of the co-mono-
mers acrylamide and N,N’-methylene-bis-acrylamide (Bis) dispersed in an aqueous gela-
tin matrix. The main disadvantage of PAG dosimeters is the need to avoid oxygen con-
tamination of the solution during their preparation, i.e., they cannot be prepared in nor-
mal atmospheric conditions [4]. Another disadvantage of PAG dosimeters and others is
that their analysis requires MRI imaging. This led to the development of chromatic gel
dosimeters that are prepared easily and can be analyzed using optical techniques. In a
previous study, a polydiacetylene-based gel dosimeter was characterized and examined
as a tool for dose calculations in medical treatment planning [5]. The polydiacetylene-
based gel dosimeter was examined using a 160 kV X-ray beam [5]. The colorless mono-
meric Diacetylenes polymerize via a radiation-induced topotactic 1,4-addition mecha-
nism to form the conjugated linear-backbone blue polydiacetylene (PDA), which consists
of alternating triple and double bonds (yne-ene motif, -C=C—C=C-) [6]. Polydiacetylene
exists in two phases —the blue phase and the auto-fluorescent (emission peak around
650 nm) red phase that can be achieved with further stimulation such as heat, excess ra-
diation, changes in the chemical environment, etc. A schematic drawing of the 3 phases
of PDA is shown in Figure 1. The two absorbance peaks for the blue phase are posi-
tioned at 590 nm (vibronic) and 650 nm (excitonic), and for the red phase the peaks are
positioned at 500 nm (vibronic) and 550 nm (excitonic) [7]. The intensity of the absorb-
ance is proportional to the irradiated dose. This unique property of the PDA enables
analysis of the absorbed dose using absorbance and fluorescence techniques, as opposed
to the other dosimeters. Diacetylenes embedded in a water-equivalent gel matrix can
then show the dose distribution in 3D as an equivalent for soft-tissue materials.

Monte Carlo (MC) simulations can further verify this distribution. This technique aims
to simulate the dose distribution in matter using individual interaction probabilities [8].
Radiation transport of an individual particle inside a defined medium MC simulation is
based on random variables and the tracking of that particle with a large number of histo-
ries. MC methods provide knowledge about the physics and the interaction of particles
(including photons) in the matter [9]. A Monte Carlo simulation code system contains
four main components: (1) The cross-section data for all the processes that are being con-
sidered in the simulation, (2) the algorithm used for the transport of the particles, (3) a
definition of the geometry of the problem and its physical parameters, and (4) the analy-
sis of the output of the simulation [10]. Many user codes for beam therapy have been
developed over the years, such as MCNP (Monte Carlo N-Particle transport code, the
basis for neutron, photon, and electron transport code)[11], ETRAN (the electron
transport code)[12], and the widely used codes EGS5 and EGSnrc (the electron gamma
shower, for simulating radiation transport in accelerators and patients)[13,14]. In radio-
therapy dosimetry, MC simulations are used in treatment planning to verify methods
and dose distributions [15].

Figure 1- Schematic drawing of the 3 phases of PDA. From left (black): the monomeric molecules
of DAs prior to irradiation; blue: the blue phase of PDA polymerized by electromagnetic radiation;
and on the right (red): the red phase of PDA [6].
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2. Materials and Methods

This study verified the suitability of the PDA gel dosimeter for clinical references irradi-
ated with a synchrotron using the EGS5 code system [13] for MC simulations. The simu-
lated spectra and the percentage depth dose (PDD) curves for the PDA gel dosimeters
PhytagelTM matrix and the less scattering RTV silicone rubber matrix were compared
with the spectrum and PDD curve in a simulated cylindrical model of rat brain tissue.

2.1. PDA-Phytagel dosimeter properties

PDA-Phytagel dosimeter consists of 10,12-pentacosadiynoic acid (PCDA) and 10,12-tri-
cosadiynoic acid (TRCDA) embedded in PhytagelTM matrix (a natural polysaccharide
derived from carrageenan and gellan gum). This gel matrix contains a small percentage
of organic molecules and approximately 98% water, and it is therefore considered a soft-
tissue equivalent material in radiology.

2.2. PDA-RTYV silicone rubber dosimeter properties

RTV-615 silicone rubber is a two-component product that consists of elastomer and cur-
ing agent at a 9:1 ratio and is used in this study as the 3D gel matrix. PCDA and TRCDA
are dispersed in the RTV matrix homogenously.

Composition and densities of both PDA-Phytagel and PDA-RTV dosimeters are listed in
Table 1.

Table 1- Molecular weight of the composition of PDA-Phytagel and PDA-RTV

Dosimeter Composition (Yowt) Density (gr/cm?®)
66.66

33.27 1.02
0.07

62.16

5.41

21.62

Si 10.81

PDA-Phytagel

PDA-RTV 1.03

O O T|O O T

Figures 2 and 3 show samples of the PDA-Phytagel and PDA-RTV gel dosimeters re-
spectively, in the blue phase after irradiations with 6 MV x-ray, and in the red phase af-
ter the samples were heated. Irradiations were conducted at the Radiotherapy depart-
ment, Soroka Medical Center, Beer Sheva, Israel, using a Varian, Clinac 2100 C/D DHX
type medical LINAC (linear accelerator).

heat :

Figure 2- left: PDA-Phytagel after 6 MV x-ray irradiation with absorbed dose of 20 Gy in reference
conditions (field size 10x10 cm?, SSD 100 cm), the PDA is in its blue phase; right: the sample after
heating, the PDA turned red.
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Figure 3- PDA-RTV gel. Left: Each well was irradiated with a 6 MV beam by different monitor unit
doses; right: the sample after heating and curing the gel to obtain transparency.

2.3. Rat’s Head Modeling and Geometry

The simulated model of a rat’s head contains three cylindrical modes: an inner cylinder
of brain tissue (p = 1.03 gr/cm?), an outer cylinder of the skull surrounding the brain (p=
1.85 gr/cm?), and a cylindrical tumor/dosimeter (equivalent to the brain tissue) in contact
with the skull, as depicted in Figure 4. The molecular amounts of the materials making
up the brain tissue and skull were taken from previous research [16]. The dimensions of
each body in the geometry are listed in Table 2 and are based on the study conducted by
Gefen et al. [17]. In the simulations, the dose distribution in the tumor body was com-
pared with the dosimeter, which was positioned at the same volume.

Figure 4- The simulated model of a rat’s head containing three cylindrical bodies: an inner cylin-
der that represents the brain tissue (red), an outer cylinder that represents the skull surrounding
the brain (yellow), and the cylindrical tumor/dosimeter (green).

Table 2- Dimensions of the bodies in the geometry setup for the simulations.

Body Zone Radius (cm) Length (cm) Thickness (cm)
Brain 0.84 2.00 0.84
Skull 0.88 2.00 0.04

Tumor/dosimeter 0.20 1.08 0.20

2.4. The Radiation Source

The x-ray beam produced at the NSLS-II synchrotron from the 27-ID-HEX beamline is
the most suitable x-ray flux to treat animal tumors in research. The electron-storage-ring
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current energy is 3 GeV at 400 mA. The 27-ID-HEX beamline at NSLS-II synchrotron is a
4.3 Tesla wiggler line that produces very hard x-rays with critical energy of 35.91 keV
and up to 200 keV photons [18]. In the simulations, random sampling of the energy dis-
tribution function was calculated based on the initial synchrotron x-ray spectrum shown
in Figure 5, filtered with a 0.25 mm copper foil and a 3.7 mm thickness of silicon. The
narrow emittance of the beam was taken as parallel, with approximately 92% linear po-
larization [19]. The beam was directed toward the front base of the tumor body. The
beam's opening size was set at 2 mm on 2 mm. The radiation simulation cutoff was set at
1 keV for photons and 512 keV for electrons. Additionally, the simulation was set to run
with 107 histories.
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Figure 5- The initial synchrotron x-ray spectrum that was used as the energy distribution function
for random initial photon energy sampling.

3. Results

The use of PDA-based gel dosimeters as a clinical reference system in synchrotron irra-
diations was examined using the EGS5 Monte Carlo code system. In the simulation, the
percentage depth dose (PDD; the dose distribution as a function of the depth in the tis-
sue) in a rat's brain tumor was compared with the PDD of two types of PDA-gel dosime-
ters: PDA-Phytagel and PDA-RTV. For both dosimeters, the absorbed spectra demon-
strated similar trends to the spectrum in the brain tumor. Figure 6 shows that the PDA-
RTV dosimeter accords more closely with the brain's spectrum relative to the PDA-Phyt-
agel. This results from the molecular composition of the gel. The silicone atoms present
in the PDA-RTV gel interact similarly to the elements present in the brain and skull tis-
sue (i.e., sodium, magnesium, and calcium) since their elemental atomic numbers are
similar. Additionally, the RTV matrix contains a larger amount of carbon than the Phyt-
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agelTM (two orders of magnitude greater than the amount of carbon in the brain). Ac-
cordingly, the molecular composition dictates the dose deposition nature of the tissue.
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Figure 6- Absorbed photons spectra of the simulated brain (dashed blue line), the PDA-Phytagel
dosimeter (black line), and the PDA-RTV dosimeter (red line).

Furthermore, the PDD curves obtained in the simulation showed similar results. PDD
curves are used by radiation physicists as a tool to improve understanding of the dose
distribution in the irradiated organ prior to the radiation treatment, in so doing decreas-
ing secondary damage by the radiation. Calculating PDD curves of the dosimeters and
comparing them with the PDD curve of the brain demonstrated the differences in the
radiation behavior of each material. Figure 7 shows the PDD curve obtained for the rat’s
brain, and the following figures, Figure 8 and Figure 9, show the PDD curves for the
PDA-Phytagel and PDA-RTV dosimeters respectively. For each PDD curve, the doses
were calculated for slices of 0.05 cm thickness up to 2 cm depth, using the volume of
each slice, the density of the material, and the absorbed energy distribution per incident
photon that was obtained via the simulation. The dose-difference plot between the brain
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and the PDA-Phytagel dosimeter is shown in Figure 10. The PDD curve of each dosime-
ter and the brain PDD curve were compared by subtraction of the two curves to obtain
the dose corrections formula from the linear fit.
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Figure 7- The simulation results for PDD curve in the rat's brain.
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Figure 8- The simulation results for PDD curve of the PDA-Phytagel dosimeter.
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Figure 9- The simulation results for PDD curve of the PDA-RTV dosimeter.

The dose difference linear fitting of the PDA-Phytagel-Brain is acceptable (R2=0.923),
but it is relatively low when compared with the linear fitting dose of the PDA-RTV-Brain
(R?=0.979), as shown in Figure 11. For both dose-difference plots, the difference between
the PDD curves decreases as the depth of the material increases. This difference is due to
the photoelectric effect and Compton scattering that are dominant in the energy range of
the synchrotron irradiation, and which are affected by the different atomic number of
the materials comprising the Phytagel dosimeter and the brain (e.g., the difference in Z
contributes to the different attenuation in each material).
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Figure 10- Dose-difference (Gy per incident photons) plot between the brain and the PDA-Phyt-
agel dosimeter achieved by the subtraction of both curves.
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Figure 11- Dose-difference (Gy per incident photons) plot between the brain and the PDA-RTV
dosimeter achieved by the subtraction of both curves.

Calculation of the dose in the brain from the measured dose in the gel at a certain depth
using the PDA-Phytagel and PDA-RTV dosimeters can be accomplished using the linear
fit equations. Calculation of the dose in the brain using the PDA-Phytagel dosimeter:

Dreal:DPDA-Phytagel+AD:DPDA-Phytagel'1-228'10_13'ddepth+ 1.027-10°%3 (1)

Calculation of the dose in the brain using the PDA-RTV dosimeter:

Dyea1=Dppa-rrv+AD=Dppa pry-5.837-10"13d ey, +2.136:10712 (2)

Where Dppy.-phytagel @nd Dppa.rry are the doses obtained by the dosimeters, and AD is the
linear equation obtained in the dose-difference plots. The units for all calculated doses
are Gy per incident photons.

4. Conclusions

This study investigated the suitability of PDA-gel dosimeters for clinical references in
irradiation via synchrotron beams using the EGS5 Monte Carlo user code, evaluating
whether these dosimeters can be used in microbeam radiation therapy (MRT). The simu-
lations obtained the spectra for the PDA-Phytagel and the PDA-RTV gel dosimeters, and
we calculated their PDD curves. Both PDD curves were compared with the PDD curve
of a rat's brain tissue, and the dose-difference plots were obtained. The correction equa-
tions were determined based on these plots. Using these equations, the real dose in the
brain can be calculated using the PDA-gel dosimeters. Additionally, the PDA-RTV gel
dosimeter was found to be more suitable for radiation treatment measurements than the
PDA-Phytagel dosimeter, since it demonstrates the dose distribution in greater accord-
ance with the rat's brain tissue. Using the same simulation method to compare organs in
the human body can further validate these results and ensure that PDA-gel dosimeters
constitute a reliable technique in radiation treatment planning.
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