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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Chris Chantler The Fricke gel dosimeter, a gel-based solution containing ferrous ions, can be used for three-dimensional

dosimetry by adding xylenol orange to the solution. This changes the optical properties, affecting radiation

Keywords: absorption. These gel dosimeters are recommended for clinical use, and 3D dosimetry uses optical computed

3]? dosimetry tomography (OCT) to analyze reconstructed images. Advancements in radiotherapy focus on accurate irradiation

Iglike lgle while reducing doses to nearby tissues. This study uses modified FXO gel for 3D dosimetry, utilizing non-toxic,
ptica

easy-to-handle reagents and optical CT Vista 16 equipment. The experiment aims to characterize the system’s
practicality and evaluate the impact of lead filters on attenuation values. The study also examines trends in
attenuation values for different thicknesses of lead shields, enhancing our understanding of the relationship
between attenuation and dose using optical CT. To prevent artifacts, a modified FXO gel was created by intro-
ducing a variation of XO in the preparation. The ideal concentration of XO is 0.01 mM to prevent distortions
within the dose range of 1 Gy-10 Gy. A calibration system using FXO gel can be developed by comparing the
maximum irradiation dose with the attenuation observed in the gel. The modified gel showed a sensitivity of
5.5:107% + 2.6:107* em™1/Gy and a starting dose of 4.2 Gy. Two samples were tested using different configu-
rations of lead filters, with the central holes showing dose peaks of 4.72 Gy, 4.57 Gy, and 4.32 Gy, respectively.
The results suggest the feasibility of producing modified FXO gels for examination in optical CT systems and their
potential application in radiotherapy systems. Future research is being conducted in clinical irradiation to
facilitate comparison with system designs.

1. Introduction (FXO gel dosimeters) are recommended for clinical use, especially when
combined with a rapid optical readout after being irradiated (Bero et al.,

The fundamental structure of the Fricke dosimeter contains an acidic 1999). 3D dosimetry with gel dosimeters uses optical computed to-

solution containing ferrous ions (Fe*h) that undergo oxidation to ferric
ions (Fe3+) when irradiated (Potetnya et al., 2021). The research group
at Yale University discovered that gel-based solutions could be used for
three-dimensional dosimetry. They realized that the concentration of
ferric ions in the ferrous sulfate dosimeter, which was originally devel-
oped by Fricke and Morse, could be measured using nuclear magnetic
resonance (NMR) relaxometry (Gore and Kang, 1984; Gambarini et al.,
1994; Luciani et al., 1996).

By adding xylenol orange (XO) to the Fricke gel solution, the ligand
forms a compound with the Fe3" ions, causing changes in the optical
properties that depend on the dose and specific wavelengths (Gupta
et al.,, 1982). Optical absorption is directly proportional to radiation
absorption, and preventing light scattering is crucial for solution
assessment (Kelly et al., 1998). Fricke xylenol orange gel dosimeters
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mography (OCT) to analyze reconstructed images, providing attenua-
tion values correlated with the deposited dose (Rousseau et al., 2022,
2023).

The charge-coupled device (CCD)-based optical computed tomog-
raphy system, Vista 16, utilizes 2D projections to generate 3D maps of
optical attenuation for objects located inside the scanner region (Doran
et al., 2001). The reconstruction is performed using pictures acquired
from the FXO gel prior to and following irradiation (Oldham et al.,
2003). The process of capturing images involves using an LED light at a
wavelength of 590 nm, which is specifically chosen for radiochromic
dosimeters. This light is directed towards the solution within a revolving
aquarium (Xu et al., 2004).

The advancements in radiotherapy techniques focus on achieving
accurate irradiation of the target area while reducing the radiation dose
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Fig. 1. Example of FXO gel in the flask used in Optical CT scanner.

Fig. 2. Optical CT scanner Vista 16.

to nearby tissues in order to avoid potential problems that may result in
treatment delays (Bolten et al., 2023). Intensity-modulated radiotherapy
(IMRT), stereotactic radiosurgery, and stereotactic body radiotherapy
(SBRT) use precise collimators to deliver correct doses of radiation to the
tumor location using tiny photon fields. Nevertheless, the task of accu-
racy in the distribution of doses and the verification of dosimetry in
these methods presents many obstacles, mainly because of the compli-
cations involved in experimental dosimetry for small fields (Azadeh
et al., 2022; Hofel et al., 2023; Al Kafi et al., 2023).

The main objective of this study is to employ a methodology that
utilizes the modified hydrogel FXO for the purpose of 3D dosimetry. The
FXO for preparation uses non-toxic, easy-to-handle reagents that allow
for modification of solutions for various applications, making the
preparation process simple and effective (Del Lama et al., 2017; Liosi
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Fig. 3. Gammacell 220 irradiator equipment.

et al., 2017; Babu S. et al., 2019). Optical CT Vista 16 is responsible for
the reconstruction of images that correlate attenuation with dose
(Woolvett and Jordan, 2023). The objective is to generate colormaps
that represent attenuation by selecting slices from these reconstructed
images.

The first stage of the experiment entailed characterizing the optical
CT system to verify its practicality for utilization. Previous studies on the
optical CT system have found artifacts caused by the solution’s high
attenuation value at the start, which makes the post-irradiation evalu-
ation difficult. The cupping artifact, a specific artifact, is more
commonly observed in radiochromic gels (Olding et al., 2009; Takanashi
et al., 2019; Hayashi and Gotoh, 2020). The Gammacell system employs
several Co-60 sources to carry out radio-sterilization, pest control, and
simulate radiotherapy in small quantities (Colins et al., 2018; Mendes
et al., 2020; Moradi et al., 2021). The system’s suitability for charac-
terization is attributed to its ability to emit isotropic radiation (Hefne,
2000; Rodrigues et al., 2010).

The FXO gel was irradiated in a system used to calibrate ionization
cameras used in the field of radiotherapy. The system consists of a
Theratron 780c irradiator and a water phantom with dimensions of 30
cm x 30 cm x 20 cm, in which the FXO gel is positioned. By utilizing the
reconstruction image and the attenuation values, it is possible to
construct a calibration curve that can be subsequently employed for
examining other irradiations.

To evaluate the impact of lead filters on attenuation values, coronal
slices along the X-axis and transverse slices along the Z-axis were
implemented to evaluate the FXO hydrogel at various locations. The
project aims to evaluate specific characteristics, including significant
decreases in intensity observed at the center of lead shields, differences
associated with varying thicknesses of lead shields, and the capability to
identify perforations in lead shields.
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Fig. 4. Apparatus utilized for calibrating the FXO gel. The image shows the
Theratron 780c equipment and the water phantom with the FXO gel.

Moreover, through the use of visual depictions, the objective is to
examine and elucidate the trends in attenuation values for varying
thicknesses of lead shields in different locations, specifically those with
and without holes. This investigation is expected to enhance our un-
derstanding of the relationship between attenuation and dose by uti-
lizing optical CT.

(A)
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2. Methodology
2.1. Preparation of FXO gel and analysis in optical CT scanner Vista 16

To prepare the FXO gel, the following quantities of reagents were
utilized: 5% bovine gelatin (270 Bloom, food grade from Gelita, Brazil);
50 mM of sulfuric acid (H2SO4), pro-analysis (PA) from Merck; 1 mM of
sodium chloride (NaCl) pro-analysis (PA) from Merck; 1 mM of Mohr’s
salt/ferrous ammonium sulfate (Fe(NH4)2(SO4)26H20) pro-analysis
(PA) from Merck; and various concentrations (0.1 mM, 0.05 mM,
0.03 mM, and 0.01 mM) of xylenol orange (C3;HpgN2Nas017S) pro-
analysis (PA) from Merck.

It divides the initial solution into two portions, with one portion
containing 25% of the total volume and the other portion containing
75% of the total volume, both of which are ultrapure water. Approxi-
mately 75% of ultrapure water is heated to a temperature of around
70 °C and subsequently combined with bovine gelatin. After mixing, the
gelatin is allowed to cool to a temperature of 35 °C before being com-
bined with the remaining 25% of ultrapure water and other reagents.
The entirety of the gel is placed into a flask made of PETE material
designed for use in the optical CT scanner Vista 16 (Fig. 1) and refrig-
erated (4 °C = 1 °C) for 20 h until irradiation.

The optical CT Scanner Vista 16, shown in Fig. 2, does an analysis by
scanning the gel both before and after irradiation. The VistaScan soft-
ware is responsible for acquiring projections and performing re-
constructions. Each analysis involves the acquisition of 500 image
projections. The reconstruction is performed using the OSC-TV tech-
nique, as described in the prior studies (Matenine et al., 2015a, 2015b;
Dekker et al., 2017).

2.2. Irradiations in the gammacell source

Initially, irradiation proceeded by utilizing four samples of FXO gel,
each containing a distinct quantity of XO. The samples were irradiated
with a dose of 10 Gy using the Gammacell equipment (Fig. 3). The
reconstruction image of each sample was obtained, and the presence of
the cupping artifact was evaluated. The sample that did not exhibit any
artifacts in this phase was the FXO gel prepared with a concentration of
0.01 mM of XO.

In order to determine if the artifact is visible at different doses, a set
of 10 flasks containing the FXO gel was prepared. Subsequently, the
Gammacell equipment was used to irradiate with doses ranging from 1
Gy to 10 Gy, with intervals of 1 Gy.

(B)

Fig. 5. The FXO gel flask irradiated configuration used in the experiment. A) with 5, 7, and 9 lead filters with a 0.1 mm central hole (pointed with red arrows); (B)

with 5, 7, and 9 lead filters without a hole.
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Fig. 6. Attenuation map for FXO gel irradiated with a Co-60 source at a dose of 10 Gy. Comparative visualization of different XO concentrations along the z-axis.

3 3
0z I oz
3 ]
g 2
2 2
015 3 015 3
E S
? a
0w 3 ow0 3
005 005
000 000 m
030 030
0.25 025
z z
020 Z 020
3 3
g =
= &
015 3 015 &
S S
a a
o0 3 o103

0.00 0.00

(A)
0
0.25

>
2 0.20 &
IS 5
g =
c 0.15 o
o o
E=) =
= =

&)
8 010 §

|

Position (cm)

030 030 030
5G
o Y
025 025 025
z y Z o 4
oz F oz0 o
2 H 2
S ® 5
015 & i " 015 5 E3 015 5
3 £l E]
a a a
o 3 , w3 0w 3
005 003 005
7
0 1 3 5 7
000 000 . 000
030 030 030
025 025 025
= S -
020 020 F 020 Z
2 2 2
= 2 2
015 3 015 & 015 &
S £l 5
a a a
3 3 3

0.00 0.00 0.00

. Attenuation map for FXO gel with a 0.01 mM concentration of XO irradiated in a Gammacell irradiator in doses of 1 Gy-10 Gy in an interval of 1 Gy.
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Fig. 8. (A) X-axis of a reconstructed image of FXO gel used for calibration in a Co-60 source. The black line represents the regions where points were used to obtain
the PDD curve with a maximum dose delivered of 5 Gy, compared to a maximum attenuation value of 0.275 cm L. (B) Measured PDD at the central X-axis of FXO gel.

2.3. Calibration of Co-60 source in Theratron 780c irradiator

Theratron 780c is teletherapy equipment that utilizes a Co-60 source
for irradiation applications. A water phantom measuring 30 cm x 30 cm
x 20 cm was utilized to create a calibration curve using the FXO gel. The
gel was placed into the phantom in a vertical orientation with a support.
The apparatus utilized for this irradiation is illustrated in Fig. 4.

2.4. Irradiations in Theratron 780c irradiator for analysis in different
regions of FXO gel

To conduct a comprehensive evaluation of attenuation in different
areas after irradiation, the FXO gel was also irradiated in a teletherapy
system with lead filters. The solution was irradiated with a 5 Gy dose
from a Co-60 source in the Theratron 780c system while being in the
water phantom of 30 cm x 30 cm x 20 cm. Fig. 2 illustrates the

configuration of flaks for irradiation. Lead filters measuring 14 mm in
diameter and 1 mm in thickness were employed in this configuration. To
hold the filters, a holder was printed with 3D PLA material. Fig. 5A
shows the first configuration with 5, 7, and 9 lead filters with a central
hole of 0.1 mm diameter. Fig. 5B shows the second configuration with 5,
7, and 9 lead filters.

3. Results and discussion

3.1. Characterization of FXO gel for analysis in optical CT scanner Vista
16

The initial irradiation of this study aimed to determine the optimal
concentration of XO for the gel in order to prevent any potential artifact
issues. The results of gel reconstruction with doses of 0.1 mM, 0.05 mM,
0.03 mM, and 0.01 mM of XO are shown in Fig. 6.
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Fig. 9. Calibration curve of FXO gel irradiated with a Co-60 source in Theathron 780c equipment.
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Fig. 10. Reconstruction images of Z-axis for the FXO gel irradiated with lead filters with a central hole and a graph illustrating dose along the distance of each lead
shield region.
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Fig. 11. Reconstruction images of Z-axis for the FXO gel irradiated with lead filters and a graph illustrating dose along the distance of each lead filters region.

The results shown in Fig. 6 illustrate the influence of XO concen-
tration on the attenuation value. The colormap to the right of each
reconstruction image displays a decrease in the correlation value with
X0, which in consequence affects the presence of an artifact in the
image. The existence of artifacts presents a challenge to the main pur-
pose of the research, which is to validate doses in different regions
within the FXO gel. As a result, the concentration of 0.01 mM does not
exhibit any artifacts for this dose of 10 Gy.

A batch of 10 flasks containing FXO gel was prepared for irradiation
in a Gammacell. The doses ranged from 1 Gy to 10 Gy, with an increment
of 1 Gy. This enables the visualization of artifacts and the correlation
between attenuation and dose. Fig. 7 displays the attenuation map for
this experiment.

The results in Fig. 7 clearly demonstrate the correlation between
attenuation and dose in this modified FXO gel for analysis. It enables the
detection of artifacts within the dose range of 1 Gy-10 Gy.

3.2. Calibration curve in Theratron 780c irradiation

The reconstruction image in the x-axis obtained from the optical CT
of the FXO gel sample irradiated with Theratron 780c provided a percent

depth dose (PDD) (Fig. 8A). When comparing the maximum optical
attenuation value at 5 Gy, it is observed that the maximum dose deliv-
ered corresponds to the PDD curve shown in Fig. 8B.

Fig. 9 illustrates a linear correlation between attenuation (p) and
absorbed dose. The linear behavior yields a sensitivity of 5.5-107° +
261074 cm’l/Gy and a correlation coefficient (R2) of 0.99. This line-
arity is used as a basis for creating a calibration curve and normalizing
the dose distribution in order to compare measured and calculated im-
ages. The calibration curve for the attenuation coefficient begins at a
dose of 4.2 Gy, which corresponds to 84% of the total dose.

3.3. Attenuation analysis in different regions of the FXO gel

The Z-axis, which represents the transverse plane, was chosen for
analyzing each region where the lead filters were placed. Fig. 10 dis-
plays the reconstructed pictures of the Z-axis for the FXO hel irradiated
with lead filters that have a central hole measuring 0.1 mm. Fig. 10 also
contains a graph that demonstrates the dose at the distance of each lead
shield region. The chosen line in the image is positioned adjacent to the
edge of the flask, facing the beam, in order to capture the least amount of
radiation attenuation induced by the gel volume.
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While analyzing the reconstructed images, it is evident that there is a
significant reduction in dose for each image with an increase in the
quantity of lead filters. Regarding the 9 lead filters, the area that cor-
responds to the hole exhibits a considerable reduction in radiation dose,
with a peak value of 4.32 Gy. This is evident in both the reconstruction
and the graph. In the region with 7 lead filters, the peak in the center was
measured to be 4.57 Gy. This indicates that the irradiation results in an
increase of approximately 5.8% in dose between 7 and 9 lead filters. In
the case of the 5 lead filters, the hole is indiscernible, and there is
excessive noise in this area. Upon further analysis of the graph, it is
evident that the maximum dose in the hole region was 4.72 Gy, which is
approximately 9.2% greater than the dose in the hole of the 9 lead filters.

Fig. 11 shows the specific locations along the Z-axis where lead filters
without holes were placed, indicating the transverse plane of the FXO
gel. Fig. 11 includes a graph that shows the dose as it varies across the
different regions of each lead filter. The analysis of the FXO gel with lead
filters involves carefully positioning a selected line in the figure near the
edge of the flask facing the beam. This position is chosen to capture the
minimal attenuation produced by the gel volume.

While analyzing Fig. 11, it is evident that the region including 9 lead
filters exhibits an average dose of 4.22 Gy. In the specific region with 7
lead filters, the average dose is around 4.43 Gy, which is approximately
4.9% greater than the dose with 9 lead filters. As a result, the average
dose in the region with 5 lead filters is 4.61 Gy, which is 9.2% greater
than the average dose with 9 lead filters.

4. Conclusions

The Optical CT Vista 16 is equipment for 3D dosimetry through the
study of FXO gel. In order to prevent artifacts, it was necessary to assess
the attenuation throughout the entire region for a modified FXO gel. In
order to do this, it was necessary to introduce a variation of XO in the
preparation. After utilizing a Gammacell system to irradiate the FXO gel,
it was determined that the ideal concentration of XO is 0.01 mM in order
to prevent any distortions within the dose range of 1 Gy-10 Gy.

A calibration system utilizing FXO gel can be developed by
comparing the maximum irradiation dose with the attenuation observed
in the gel. The modified gel exhibited a sensitivity of 5.5-107° =+
2.6:10~* em~!/Gy and a starting dose of 4.2 Gy.

To analyze regions of a gel, attempt to replicate a planning appli-
cation. It utilized lead filters with a thickness of 1 mm. Two samples
were tested using a configuration of 5, 7, and 9 lead filters. The initial
samples were equipped with lead filters featuring a central hole. The
central holes exhibit dose peaks of 4.72 Gy, 4.57 Gy, and 4.32 Gy,
respectively.

In the second example, lead filters without perforations were uti-
lized. Showed average doses of 4.22 Gy, 4.43 Gy, and 4.61 Gy for 9, 7,
and 5 lead filters. The results indicate the feasibility of producing
modified Fricke xylenol orange gels for examination in an optical CT
system and their potential application in radiotherapy systems. Up-
coming research is being conducted in the field of clinical irradiation to
facilitate the comparison with system designs.
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