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Abstract

The primary goal of radiation therapy is to deliver a sufficient radiation dose to a target volume while minimizing the dose to
surrounding healthy tissue. In this study the dose response of methacrylic acid-gelatin (MAG) polymer gel dosimeter using
different type of anti-oxidants; ascorbic acid (AscA) and tetrakis-hydroxy-methyl-phosphonium chloride (THPC) is determined
by using single spin echo sequence magnetic resonance imaging (MRI). The concentrations of methacrylic acid (MAA) were
varied and using MRI, the optimal formulation that gives the maximum R2-dose response of the polymer gel upon irradiation
was determined. The polymer gel was irradiated using a 6 MV photon from a linear accelerator (LINAC) for a dose range
varying from 0 to 20 Gy. The transverse relaxation rates (R2) of the irradiated gels from MRI were read. A linear relationship
between dose and R2 was obtained for a dose range of 0 to 20 Gy for MAG gel composed of ascorbic acid (MAGAS) and linear
response from 0 to 10 Gy for MAG gel composed of THPC (MAGAT). The sensitivity of MAGAS showed lower sensitivity
compared to MAGAT. The optimum concentrations for the MAGAS and MAGAT polymer gel were 6% MAA and 5% gelatin
as it gave the highest sensitivity of 0.0989 s*Gy™* and 1.1180 s Gy respectively. The results are compared to Multiple Spin
Echo Sequence MRI.
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Abstrak

Tujuan utama radioterapi adalah untuk memberi dos sinaran yang mencukupi kepada isipadu sasaran sementara meminimumkan
jumlah dos di sekitar tisu yang sihat. Dalam kajian ini tindak balas dos oleh asid metakrilik-gelatin (MAG) dosmeter gel polimer
menggunakan anti-oksida yang berlainan iaitu asid askorbik (AscA) dan tetrakis-hydroxy-methyl-phosphonium chloride (THPC)
telah di kaji menggunakan aturan nada denyut tunggal MRI. Kepekatan methacrylic acid (MAA) di ubah dan dengan
menggunakan MRI, komposisi yang optimum di perolehi daripada tindak balas dos yang maksimum pada gel selepas di iridiasi.
Gel polimer diiridiasi oleh 6-MV sinaran photon dari pemecut linear (LINAC) untuk linkungan dos dari 0 sehingga 20 Gy. Kadar
relaksasi melintang (R2) bagi gel yang telah di iridiasi di ukur oleh MRI. Satu hubungan berkadar lurus di antara dos dengan R2
di perolehi pada julat dos 0 sehingga 20 Gy bagi gel MAG yang mengandungi asid askorbik (MAGAS) dan hubungan berkadar
lurus dari O sehingga 10 Gy untuk gel MAG yang mengandungi THPC (MAGAT). Kepekatan optimum bagi MAGAS dan
MAGAT gel polimer diperolehi daripada 6% MAA dan 5% gelatin yang menghasilkan nilai sensitif yang paling tinggi iaitu
masing-masing 0.0989 s Gy™ dan 1.1180 s™*Gy™. Hasil kajian akan di bandingkan dengan urutan nada denyut berganda.
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Introduction

Radiotherapy gel dosimeter is a chemical dosimeter fabricated from radiation sensitive chemicals in an aqueous
gelatin network. Upon irradiation, free radicals from radiolysis process were formed in the gel induce
polymerization where amount of polymerization increase and related to absorbed dose [1]. The use of radiation
sensitive gel for radiation dosimetry was first suggested in the 1950s by Day where radiation induced color changes
in dyes were related to radiation dose [2, 3]. Polymer gel dosimetry is one of the gel dosimetry techniques that can
be used to verify the spatial dose distribution in complex radiotherapy. The change in dose distribution can be
recorded in 3-D by various techniques such as magnetic resonance imaging (MRI) [1], optical scanning [4, 5], x-
ray computed tomography [6] or FT Raman spectroscopy [7].

To date, MRI is frequently used modality for measuring 3D dose information in a polymer gel [7]. MRI is a
tomographic imaging technique that is based on nuclear magnetic resonance (NMR) signals to produces images [1].
The absorbed dose is quantified using the spin-spin relaxation rate (R2=1/T2). The T2 relaxation time is a biological
parameter that is used in MRI to distinguish between tissue types. From R2 images of polymer gel dosimeters, the
dose maps can be reconstructed through the calibration curve obtained from a series of samples irradiated to a range
of doses. For an extensive details on MR imaging, see the review by Baldock [7] and Doran [8].

A few types of imaging sequences can be applied to acquire quantitative R2 maps. These imaging sequences may
differ in performance in terms of accuracy, precision and speed. Two main imaging sequences have often been used.
First is single spin echo sequence method where each acquisition collects only a single echo, but can be repeated
with different echo times [9]. The advantages of the single spin echo sequence is that it is readily available on all
scanners and it is easy to understand and measure the R2 relaxation rate data with good signal-noise-ratio (SNR).
The gel manufacturer (MGS Research Inc., Guilford, CT) recommends the use of a two echo sequence in order to
reduce the data required for each echo (TE1l and TE2) which then reduces the radio frequency power [9].
Consequently the gel temperature will be more stable and it is an important factor for MRI imaging. If one has only
access to a single spin—echo sequence, a two-point(s) (two different echo times) method is preferred [10]. The other
sequence is multiple spin echo (MSE) sequence which applies a train of equally spaced spin-echoes, each
corresponding to a different echo time [11, 12].

Despite the advantages of gel dosimetry for 3D dose verifications, the system is not yet establish as a standard
clinical tool. Polymer gel dosimetry systems have a major limitation where oxygen during manufacturing procedure
known as hypoxic or anoxic gel dosimeters, inhibits the polymerization process in polymer gel as it scavenges free
radical initiators (such as OH and H) produced during water radiolysis [1, 13, 14]. In the first generation of polymer
gel dosimeters, during the gel fabrication the oxygen was removed by bubbling the gel solution with inert gasses
such as nitrogen and argon for several hours [1, 13, 15, 16]. In addition, the gel had to be poured in the containers
with low oxygen permeability and solubility.

In modern polymer gel dosimeters, the problem with oxygen is solved by adding an antioxidant in the gel solution
that binds to the oxygen and consequently prevents free radical scavenging [17]. As a result the polymer gels can be
fabricated under normal atmospheric conditions and are therefore called ‘normoxic’. In 2001, Fong et al introduced
a new gel composition known as MAGIC (methacrylic and ascorbic acid in gelatin initiated by copper). These gels
show a positive responds to absorbed dose when manufactured under normal atmospheric conditions [17].
Moreover, these gels offered several practical and convenient improvements over the early version, such as
handling and storage. Since the introduction of the MAGIC normoxic polymer gel dosimeter, a number of other
formulations have been investigated for their potential use as normoxic polymer gel dosimeters. This study
investigates the dose response and dose sensitivity of MAG gel dosimeter system composed of two different anti-
oxidants to find the best anti-oxidant that provide the greatest effect on the dose response. The R2-dose response is
examined at various concentrations MAA and a formulation that gave the greatest dynamic range in the R2-dose
response was investigated.
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Materials and Methods

Fabrication of gel dosimeter

The gel formulation consisted of methacrylic acid (Acros, Organics), gelatin (250 bloom, Bovine) (Sigma Aldrich),
de-ionised water, ascorbic acid (Sigma Aldrich) and THPC (Sigma Aldrich). The MAG polymer gels were
manufactured under normal atmospheric conditions. The gelatine was mixed with de-ionised water in a mixing
vessel and was continuously stirred at approximately 48°C until the gel was completely dissolved and a clear
solution was obtained. The solution was cooled to 40°C then the methacrylic acid monomer was added and
continuously stirred until the monomer was completely dissolved. For manufacturing the normoxic polymer gel, an
anti-oxidant was finally added to minimise the oxygen exposed to the solution [18]. The fabrication procedures of
gel solution are shown as Figure 1. The MAG gels were then poured into 4 ml tissue equivalent polystyrene
cuvettes of inner dimensions 1 cm x 1 cm x 4.5 cm ( width x length x height ) with the top sealed by a parafilm tape.
Finally they were wrapped in aluminium foils to avoid any preliminary polymerisation from the ambient light. The
sample vials were stored at 3°C before irradiation. In this study, both MAGAS and MAGAT polymer gel used the
concentration of gelatin 5% (w/w), ascorbic acid 10 mM and at 10 mM THPC. These concentrations were obtained
from our previous study where optimisation of gelatin, ascorbic acid and THPC has been done and the optimised
values of the compositions are shown in the Table 1. The concentrations of methacrylic acid had varied from 4 %(
w/w) to 9 %( w/w) to obtain the optimum dose response with respect to the MRI signal. After the optimum
concentrations were obtained, the MAGAT gel had varied the concentration of THPC to investigate the effect of
THPC variation towards the dose response as shown in Table 2.

Table 1. MAGAS and MAGAT gel compositions according to their concentration

Composition MAGAS MAGAT
Gelatin 5% (wiw) 5% (w/w)
Methacrylic Acid 4 - 9% (w/w) 4 - 9% (wiw)
Ascorbic Acid 10 mM -

THPC - 10 mM
De-ionised water 86 — 91% (w/w) 86 — 91%(w/w)
Dose range 0-20 Gy 0-20 Gy

Table 2. MAGAT gel composition with variation of THPC concentrations

Composition MAGAT concentration

Gelatin 5% (wiw)

Methacrylic Acid 6% (wiw)

THPC 1 mM, 5 mM, 10 mM, 20 mM, 100mM
De-ionised water 89% (w/w)

Dose range 0-10 Gy
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Manufacturing MAGAT gel
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Figure 1. The fabrication of normoxic MAG dosimeter

Irradiation of gel dosimeter

Irradiations were performed using a 6 MV photon beam by a linear accelerator (Primus LINAC, Siemens), with a
field size of 10 cm x 10 cm at the isocentre and at 100 cm source axis distance (SAD). The dose rate was 3 Gy
min™. The samples were irradiated from 0 to 20 Gy by parallel opposed beams so that the gels received a uniform
dose at 5 cm depth. One sample of each batch is left unirradiated for background measurement. Solid water
phantom slabs were placed above and below the Perspex cuvette holder and the samples were placed at the
midregion of the phantom as shown in Figure 2. For THPC concentrations study, the gels were irradiated from 0 to
10 Gy.
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s C-\!l ‘Sobsd water phantom
T Sample Vials

soM Solid water phantom

1807

Irradiating the gel

Figure 2. The irradiation of normoxic MAG gel by parallel opposed dual beam technique.
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MRI Imaging technique

All the sample vials were inserted in a dedicated styrofoam holder and placed in a MRI Signa HDxt 1.5 T whole
body scanner using a head coil as shown in Figure 3. The imaging sequence was a single spin-echo sequence with
time echoes of TE1=20 ms and TE2= 300 ms and a relaxation time (TR) of 3500 ms. The other scanning parameters
used such as NEX = 3, slice thickness = 5 mm, slice spacing = 0 mm, FOV = 22 mm, flip angle = 90° and matrix
size 512 x 256. TE1 and TE2 gave a SNR of 125 % and 128% respectively. Coronal images through the centre of
the entire set of calibration vials were acquired and recorded. The T2 dicom images were transferred to a personal
computer and analyzed using MATLAB 7.1 (Math Works, Inc.) software. From the time series of T2-weighted
images (TE=20 ms, and TE=300 ms), R2-maps were calculated from these images for each sequence pixel by pixel
basis using pixel signal intensities and applying the two-point method [11].

_ In§i-l52

Rz = TEX-TE1 (Eq- 1)

The two-point method; where S; S, is the measured MR signal intensity at a given echo time, TE and R2 is the
transverse relaxation rate.

R2 maps can be converted to dose maps using a linear dose response equation that has been reported by several
independent investigators [15, 19, 20].

R2 = aD + Ro (Eq.2)

Linear dose response equation: where « is the slope of the dose—R2 curve, R, is R2 background and R2 is R2 value
of the irradiated gel.

Figure 3. The scanning of the gel samples by 1.5T MRI
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Results and Discussion

MAGAS and MAGAT polymer gel dose-response with varying MAA compositions

Figure 4 and Figure 5 illustrate the transverse relaxation rate (R2) as a function of the absorbed dose (D) for
MAGAS and MAGAT dosimeter at different concentrations of MAA. The absorbed doses selected were from 0 to
20 Gy. For MAGAS gel, the transverse relaxation rates (R2) were linearly proportional to the dose up to 20 Gy
(Figure 4). R2 is obtained from the nuclear magnetic resonance (NMR) signal which is dose dependent. In polymer
gel dosimeter, R2 value is rely on amount of polymer formed within the gel dosimeter after irradiated. As the dose
increased, the formation of polymer increased therefore R2 increased. This linear dose response was maintained
even though the MAA concentrations were increased. While for MAGAT gel, R2 were linearly proportional to the
dose up to 10 Gy only (Figure 5). This linear dose response was maintained even though the MAA concentrations
were increased. However between 10 to 20 Gy dose ranges, the response was change in slope due to the saturation
of the gel at high dose range. As obtained from T2 weighted image of our study (Figure 6 and Figure 7), as the dose
increased from 0 to 20 Gy, the pixel value decreased. This is due to the rapid attenuation of signal intensity at high
energy of photon (high dose) after irradiation, caused an increased in polymer formation in gel dosimeter thus drop
the pixel value (T2-weighted image become darker due to high formation of polymer in gel dosimeter). At high
dose (15 to 20 Gy), maximum polymerization occurs which causes a small change in the pixel intensity and later
results in the signal being saturated.

The linear and the non-linear ranges depend on the type of polymer gel dosimeter. The R2-dose response of the
MAGAT polymer gel dosimeter was found to be higher than that of MAGAS gel dosimeter, which is prepared with
AscA in place of THPC. The results showed that anti-oxidant plays an important role that will affect the dose
response of the gel.
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Figure 4. Transverse relaxation rate (R2) as a function of absorbed dose (D) for MAGAS gel dosimeter of 5%
gelatin for varying concentrations of MAA irradiated from 0 to 20 Gy
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Figure 5. Transverse relaxation rate (R2) as a function of absorbed dose (D) for MAGAT gel dosimeter of 5%
gelatin for varying concentrations of MAA irradiated from 0 to 20 Gy

Figure 6. The T2-weighted image of MAGAT gel dosimeter irradiated at 0 to 20 Gy. (The white colour of image (1
to 7 Gy) has high pixel value as formation of polymer is small while dark colour of image (8 to 20 Gy)
has small pixel value as formation of polymer is large).
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Figure7. The pixel value of T2-weighted image according to Fig. 6 at different dose. (A) 1 Gy, (B) 5 Gy, (C) 10 Gy,
(D) 15 Gy.

The dose sensitivity is defined as the slope of the dose response curve ([‘i"—ﬂ‘]). The linear fit (R2 = aD + Ry)
between R2 and the dose region of 0 to 10 Gy, provided the values of dose sensitivity () and the offset (Ry). For
the MAGAS and MAGAT polymer gel dosimeter used in this study, it was found that the optimal concentration of
MAA that produced the highest changes in R2-dose response was 6% (w/w) MAA and 5% (w/w) gelatin as shown
in Table 3. From the study using Single spin echo sequence, the MAGAT gel has a sensitivity of 1.1180 s™Gy™ with
a linear regression of 0.9957. However studies from Multiple spin echo sequence showed MAGAT gel has a
sensitivity of 3.42 s'Gy™ [21] and 3.2 s'Gy™ [22]. On the other hand, from Single spin echo sequence study
MAGAS gel exhibits 10 times lower dose sensitivity of 0.0989 s™Gy™ with a linear regression of 0.9856 whereas
study from Multiple spin echo sequence showed MAGAS gel has a sensitivity of 0.50 s'Gy™ [23]. Although the
sensitivity of MAGAS gel is low compared to MAGAT gel dosimeter but the presence of an AscA is sufficient to
prevent oxygen from inhibiting the polymerization of the polymer gel dosimeter. Hence MAGAT gel is considered
as the most standard gel dosimeter with superior sensitivity and dose resolution [22, 24, 25]. From this study, the
sensitivity of Single spin echo sequence is much lower than Multiple spin echo sequence study, but its sensitivity is
much higher than the other type of gel [22].

The sensitivity of MAGAT gel increment depends on the MAA concentrations. An increase in MAA concentrations
from 4% to 6% lead to an increase in R2-dose response. After the maximum polymerization occurred at 6% of
MAA, the R2 dose response starts to decrease with the increasing of MAA from 8% to 9%. Higher concentrations
of MAA associate with more acrylic monomers available for the polymerization reaction. The rate of
polymerization within a certain polymer gel dosimeter is determined by temperature, monomers concentration,
gelatin concentration and other elements in gel dosimeter recipe. Thus, different concentrations of MAA will
produce different rates of polymerization, hence it may vary the R2-dose response and sensitivity of the polymer gel
dosimeter.

Table 3. The dose sensitivity and the linear regression of MAGAS and MAGAT gel
at various concentration of MAA at doses 0 — 10 Gy.

MAGAS MAGAT
MAA concentration ~ Sensitivity/s Gy~ R2  Sensitivity/s' Gy’  R2
4% 0.0594 0.9692 0.3156 0.9917
6% 0.0989 0.9856 1.1180 0.9957
8% 0.0841 0.9805 0.8961 0.9888
9% 0.0701 0.9368 0.9336 0.9937
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Effect of varying THPC concentrations on dose response

MAGAT polymer gel dosimeters with THPC concentrations between 5 to 10 mM produced the greatest R2
sensitivity as shown in Figure 8. A threshold concentration of 1mM THPC was found to be required for an adequate
R2-dose response to avoid inhibition of polymerization. A small decrease in the dose sensitivity was observed after
increasing the concentrations of THPC from 20 mM to 100 mM THPC thus 10mM of THPC gave the best
sensitivity. This indicated that THPC may also act as a promoter of the polymerization reaction [11].
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Figure 8. The dose sensitivity of MAGAT gel at different concentrations of THPC

Conclusion
We have investigated role of antioxidant in a MAG gel dosimeter system composed of MAA, gelatin and two
different anti-oxidants using single spin echo sequence MRI. The formulation that provided the greatest change of
R2 is from MAGAT gel composed of 10mM THPC, 6% MAA and 5% gelatin with the sensitivity 1.1180 (s-1 Gy-
1). Whilst MAGAS gel shows 10 times lower in dose sensitivity compared to MAGAT gel. The sensitivity of
MAGAT and MAGAT gel obtained from single spin echo sequence study is much lower than multiple spin echo
sequence study.
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