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Fricke gel dosimeters produced with a matrix of Poly-vinyl alcohol (PVA) cross-linked with glutaralde-
hyde (GTA) were analyzed with magnetic resonance imaging (MRI). Previous studies based on spec-
trophotometry showed valuable dosimetric features of these gels in terms of X-ray sensitivity and
diffusion of the ferric ions produced after irradiation. In this study, MRI was performed on the gels at
1.5 T with a clinical scanner in order to optimize the acquisition parameters and obtain high contrast
between irradiated and non-irradiated samples. The PVA gels were found to offer good linearity in the
range of 0-10 Gy and a stable signal for several hours after irradiation. The sensitivity was about 40%
higher compared to gels produced with agarose as gelling agent. The effect of xylenol orange (XO) on
the MRI signal was also investigated: gel dosimeters made without XO show higher sensitivity to x-
rays than those made with XO. The dosimetric accuracy of the 3D gels was investigated by comparing
their MRI response to percentage depth dose and transversal dose profile measurements made with an
ionization chamber in a water phantom. The comparison of PVA-GTA gels with and without XO showed
that the chelating agent reduces the MRI sensitivity of the gels. Depth-dose and transversal dose profiles
acquired by PVA-GTA gels without XO are more accurate and consistent with the ionization chamber
data. However, diffusion effects hinder accurate measurements in the steep dose gradient regions and
they should be further reduced by modifying the gel matrix and/or by minimizing the delay between irra-
diation and imaging.
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1. Introduction A large variety of dosimeters, such as ionization chambers [3,4],

diamond [5,6] and silicon semiconductors [7,8], electron spin res-

The increasing use of ionizing radiation in oncology requires
appropriate dosimetric techniques. An accurate determination of
the radiation dose delivered to the target tissue is critical for local
tumor control [1] and a map of radiation doses in three dimensions
is needed to verify the dose distributions generated by the treat-
ment planning systems [2].
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onance (ESR) materials [9-32], thermoluminescent materials
(TLDs) [33-40] and scintillators [41-43] can be employed for point
measurements of X-ray doses. However, the above mentioned sys-
tems cannot map rapidly the radiation distributions around a tar-
get volume and cannot resolve high dose gradients.

Several chemical dosimeters are also available, such as radio-
chromic dyes [44] and films [45-48], acrylate monomers [49],
emulsions of silver halides [50], and solutions containing ferrous
ions [51-54]. The latter is one of the most common chemical
dosimeters and consists of acidic oxygenated aqueous solutions
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of ferrous ions Fe*"), which can be infused in gel matrices (Fricke
Gels FG) [55,56]. Tissue equivalent phantoms can be produced with
these gels, providing a 3D map of the dose delivered during radia-
tion therapy [57]. These gels show excellent soft tissue equivalence
also for of x-rays below 100 keV [58,59] which makes them inter-
esting for diagnostic radiology applications.

Exposure of the gels to ionizing radiation induces a dose-
dependent oxidation of ferrous (Fe?") to ferric ions (Fe*"), which
can be detected through optical tomography and/or magnetic res-
onance imaging (MRI) [57,60-62]. Indeed, the oxidation of ferrous
ions also brings about a reduction of the longitudinal nuclear mag-
netic relaxation time T; [56] which can be measured by means of
nuclear magnetic resonance (NMR) relaxometry and magnetic res-
onance imaging. MRI with clinical scanners offers non-destructive
and inherently three-dimensional measurements with high spatial
resolution [63]. In particular, T;-weighted MRI sequences can
effectively discriminate between regions with different absorbed
dose [64-66]. Clinical MR scanners operating at 1.5 T have become
the golden standard for gel imaging, since they are easy to find in
hospitals. Therapeutic radiology departments are often close to
diagnostic radiology departments, allowing local irradiation and
imaging of the gels.

Unfortunately, Fricke gels present a significant shortcoming as
they suffer from poor spatial stability of the signal due to diffusion
of Fe>" ions that restricts the time interval between irradiation and

read-out [67]. Some reduction in the Fe3* diffusion rates was
achieved using different gelling agents, such as gelatin, agarose,
and Sephadex, and adding chelating agents such as xylenol orange
(XO) [68-70]. To date, the lowest ferric ion diffusion is that of the
PVA-XO Fricke gel dosimeters proposed by Chu et al. [71], who
reported a diffusion coefficient of 0.14 mm? h~! at 20°C. The latter
is about one order of magnitude lower than with conventional
Fricke gels and about half of the value for agarose and gelatin gels
with chelating agents [68]. However, PVA hydrogels were made
with high concentrations of PVA (20% w/v) which causes an
increase in viscosity over time (e.g., days) at room temperature
and an increase in optical scatter coefficient [71].

Recently, a new formulation of gels was introduced, made
with 10% w/v of poly-vinyl alcohol and chemically cross-linked
with glutaraldehyde (GTA) [72]. These gels show remarkable
dosimetric features in terms of X-ray sensitivity and signal stabil-
ity [72-74]. In this work, we further investigated the dosimetric
features of these recent PVA-GTA gels with magnetic resonance
imaging at 1.5 T. The dose response was measured and compared
to that of agarose based gels. A comparative analysis was also
done of the response in the presence or absence of the chelating
agent xylenol orange, which is known to reduce the sensitivity of
other gel formulations [75]. In all cases, the dosimetric accuracy
of the 3D gels was investigated by comparing their MRI response
to measurements made with an ionization chamber in a water
phantom.

2. Materials and methods
2.1. Agarose gels preparation

Gels were prepared following the procedure described by
Marrale et al. 2014 [66]. The gel solutions were prepared from a
3% w/w aqueous solution of agarose (Sigma-Aldrich®) with
25 mM Suprapure H,SO4 (96%) (Merck’), 1.5 mM ferrous ammo-
nium sulphate hexahydrate (Mohr salt [Fe(NH4),(SO4),*6H,0]
(Sigma-Aldrich”) and 0.165mM xylenol orange-sodium salt
C31H,5N,Na4045S (Sigma-Aldrich®). The 3% w/w agarose concen-
tration gives us about 30 min to handle the formulations before
it sets into a compact gel.

2.2. PVA-GTA gels preparation

The Fricke PVA-GTA gels were prepared following the proce-
dure described by Marrale et al. 2017 [74]. The gels were prepared
from a 10% w/v aqueous solution of hydrolyzed 99% purity Polyvi-
nyl alcohol (PVA) with molecular weight between 85000 and
124000 (Sigma-Aldrich®), 1% w/v glutaraldehyde (GTA), 25 mM
H,SO,4 and 1.50 mM ferrous ammonium sulfate hexahydrate [Fe
(NH4)»(S04)2*6H,0], 0.165 mM xylenol orange-sodium salt C31Hyg-
N,Na40;3S. An additional batch of these gels was prepared without
xylenol orange.

Ultrapure water (resistivity 18.6 MQ*cm™') was used in the
preparation of both type of gels. The gels were then stored in the
dark under refrigeration at 104+ 1 °C, both after preparation and
between irradiation and measurement, in order to minimize possi-

ble oxidation of Fe** ions induced by temperature or light.

2.3. Irradiation

For the dose response measurements, the gel samples were
placed in CellStar” polypropylene tubes (Greiner Bio One Interna-
tional GmbH, Kremsmuenster, Austria) suitable for the subsequent
MRI scans. The samples were irradiated up to 10 Gy with 6 MV
X-rays from a Siemens Primus linear accelerator (LINAC) (Siemens
Medical Systems CA, USA) at the ARNAS Ospedale Civico in
Palermo (Italy). The samples were placed horizontally in a water
phantom at the depth of maximum build-up (at about 1.5 cm from
the surface) and irradiated within a 37 x 37 cm? field of x-rays.

Following the IAEA TRS-398 protocol (IAEA 2000) [76] reference
X-ray dose values were measured using an ionization chamber (IC).
The latter was a Semifex TW 31010 thimble ionization chamber
(PTW, Freiburg GmbH, Germany) with a sensitive volume
0.125 cm?, an active length 0.65 cm and a 0.55 cm inner diameter.

For the percentage depth dose (PDD) measurements, the gel
samples were placed inside PMMA tubes parallel to the axis of a
10 x 10 cm? X-ray beam at a Source-to-Surface-Distance (SSD) of
100 cm (see Fig. 1A and B). In addition, transversal dose profiles
for the 10 x 10 cm? field were measured at the depth of maximum
build up along 20 cm. In this case as well, reference X-ray dose val-
ues were measured with the ionization chamber.

2.4. Instrumentation

All MRI scans of the samples were done between two and seven
hours after irradiation. In particular, the scans of the depth and
transversal dose profiles were done two hours after the irradiation.
Before the scans, the samples were kept at room temperature for
30 min to thermalize. T;-weighted magnetic resonance images
were acquired on a 1.5T Achieva scanner (Philips, Best, the
Netherlands) using an eight channel head coil and an Inversion-
Recovery sequence optimized for brain scans. The parameters set
for the acquisitions were: echo time Tg =15 ms, repetition time
Tr =2500ms, number of acquisitions 2, voxel dimension
0.39 x 0.39 x 3.5 mm> and matrix size 576 x 576 pixel®. Data
analysis was performed using in-house software developed in
the Python language (Python Software Foundation, https://www.
python.org/).

3. Results and discussion
3.1. Response as a function of dose
The response of Fricke gel dosimeters as a function of absorbed

dose was analyzed by MRI. Previous MR studies suggested that
only the longitudinal relaxation time is dose-dependent [66].
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Fig. 1. (A) and (B) Lateral and top views of the irradiation setup used for the analysis of the percentage depth dose profile. (C) and (D) Lateral and top views for the irradiation

setup used for the analysis of the trasversal dose profile.

Therefore, we focused on the longitudinal relaxation rate Ry, i.e. the
reciprocal of the longitudinal nuclear relaxation time (R; = 1/T;).
The Fe** ions produced by radiation-induced oxidation of Fe?* ions
act as T;-contrast agents, making the longitudinal relaxation of H-
proton magnetization faster. As a consequence, R is an increasing
function of dose. As dose increases, the MRI signal from Inversion-
Recovery sequences tends to saturate at lower values of T,. There-
fore, a reduction of the longitudinal relaxation time T; is observed
with the consequent increase of the MRI signal.

At first, we determined the response to X-rays of PVA-GTA
Fricke gels containing xylenol orange. Fig. 2 shows the dose depen-
dent MRI signal drawn from central regions of interest (ROI) of our
gel samples. The experimental data were fitted with a linear curve
according to Eq. 1:

MRgienar = m x DOSE + q (1)

where m and q are the slope and intercept of the linear regression,
respectively. The m value represents the sensitivity to the X-ray
doses.

The correlation coefficient reported in Table 1 confirms that the
MRI signal increases linearly with dose in a dose-range of clinical
relevance.

In line with our previous work on agarose gels [65], our first
measurements illustrated in Fig. 2 were done with an Inversion
Time (T;) of 400 ms. In order to optimize the read out of PVA-
GTA gels, we did an analysis of the dependence of the MRI sensitiv-
ity on T}, i.e. the slope of the MRI response vs dose. The T; values
tried in this analysis ranged between 250 ms and 600 ms.

As can be seen in Fig. 3 the sensitivity peaks for T; values of
400 ms. Therefore, in order to maximize the dose dependent
response, we used a value of T; equal to 400 ms in all other mea-
surements reported in this work.
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Fig. 2. MRI response of PVA-GTA Fricke gel with xylenol orange as a function of
dose. Error bars correspond to 1 S.D.

Table 1

Parameters (+1 S.D.) of the best fit procedure on the calibration curves.
Gel matrix Intercept Slope r?
PVA-GTA-XO 143 +7 462 +1.6 0.995
Agarose-XO 42 +5 333+1.2 0.995
PVA-GTA 45+ 26 173 +7 0.995
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Fig. 3. Dependence of sensitivity of PVA-GTA Fricke gel with xylenol orange on the
inversion time T;. Error bars correspond to 1 S.D.

3.2. Comparison of PVA with agarose gels

An extensive comparative analysis of the new PVA-GTA gels
was performed with respect to the agarose dosimeters that had
been thoroughly investigated in previous studies [67,60,65,66].
Fig. 4 shows the MRI response of agarose and PVA-GTA gels both
containing xylenol orange.

As shown in Fig. 4 and Table 1, the sensitivity of the PVA-GTA
gels is about 40% higher than that of agarose gels. In addition, these
new gels show a very low diffusion of Fe** ions [73,72,74]. This
suggests that the gel matrix plays a decisive role in the oxidation
of ferrous Fe?! ions into Fe’* ions as well as in the interaction
between hydrogen nuclei and the lattice, affecting the relaxation
rate R; and making the PVA-GTA gels more sensitive than agarose
gels.

3.3. Analysis of the effect of xylenol orange
A further aspect of our study was the investigation of the effects

of xylenol orange on the MR signal. The use of xylenol orange in
agarose Fricke gels helps reduce diffusion effects and also allows
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Fig. 4. Comparison of the MRI response of PVA-GTA and agarose gels. Error bars

correspond to 1 S.D.
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optical analyses; however, XO also introduces a significant
decrease of the MRI signal and longitudinal relaxation rate R,
[75]. In order to clarify whether the effect also occurs for PVA-
GTA gels, we performed experiments on samples prepared with
and without xylenol orange. The results of these analyses are
reported in Fig. 5 and Table 1.

Fricke gels prepared without XO show a higher sensitivity to
X-rays than gels with XO. In particular, best fit functions obtained
for these dosimetric gels show a slope over three times higher
compared to gels with XO (Table 1). Xylenol orange binds to fer-
rous ions and becomes part of the lattice of the gel. In the presence
of X0 a given dose produces a lower intensity signal, thus XO either
reduces the effect of oxidation of ferrous ions or otherwise hinders
the exchange of energy between the spin and the lattice slowing
longitudinal relaxation, as also reported in the literature [75].

3.4. Stability of the MR sensitivity after irradiation
The stability of the NMR signal over time after irradiation was

also investigated. For the purpose, samples with and without XO
were read from 2 h up to 7 h after irradiation. Fig. 6 shows the
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Fig. 5. Comparison of the MR response of Fricke PVA-GTA gels with and without
xylenol orange. Error bars correspond to 1 S.D.

250 ‘
¢  PVA-GTA-XO
2ol {  PVA-GTA
- $ s LEJI' ¢
5 |! t
© 150| ]
Py
=
‘T loo} 1
C
(]
(Vp]
50/ ¢ . byus—d
0 3 4 5 6 7

Time after irradation (h)

Fig. 6. Stability of sensitivity of Fricke xylenol gel dose response after irradiation.
Error bars correspond to 1 S.D.

Nucl. Instr. Meth. B (2017), http://dx.doi.org/10.1016/j.nimb.2017.06.012

Please cite this article in press as: G. Collura et al., Analysis of the response of PVA-GTA Fricke-gel dosimeters with clinical magnetic resonance imaging,



http://dx.doi.org/10.1016/j.nimb.2017.06.012

G. Collura et al./Nuclear Instruments and Methods in Physics Research B xxx (2017) xXx-xXX 5

evolution of the sensitivity (calculated as the slope of the calibra-
tion curves 1) as a function of time after irradiation.

PVA-GTA gels with and without XO display an MR signal that is
stable in the time interval we analyzed. We chose an interval of 7 h
as it appears to be a realistic time frame for the scan of the gels
after irradiation.

3.5. First dose mapping tests

A final aspect of this study was the acquisition of one-
dimensional dose profiles with cylindrical gel rods immersed in a
water phantom. With these gel rods, we acquired depth dose pro-
files along the beam axis of a 10 x 10 cm? field of 6 MV X-rays, as
well as transversal dose profiles across the field, at the depth of
maximum buildup.

For the determination of the axial and transversal dose profiles,
two sets of 20 cm long, 1.5 cm diameter, gel tubes were prepared,
filled with PVA-GTA Fricke gels manufactured with and without
XO. A photograph of the tubes is shown in Fig. 7. MR images of
the irradiated tubes are also shown in Fig. 7b, where the tube on
the left contains PVA-GTA gel with XO and the tube on the right
contains PVA-GTA gel without XO. Clearly, the signal is higher in
the gels without XO, as expected from our previous dose response
measurements. As in the dose response analysis, the MRI signal
was taken from central ROIs of the samples and was plotted as a
function the distance from the center of the radiation field. In order

(@ (b)

Fig. 7. (a) Picture of the PMMA tubes filled with PVA-GTA gel with XO (left) and
without XO (right) used for dose profile analysis. (b) Lateral dose profiles measured
by means of PVA-GTA gels with XO (left) and without XO (right).

to assess the dosimetric accuracy of the gels, the MR data were
plotted against dose values acquired with our ionization chamber
in the water phantom.

In the transversal dose measurements, gels produced without
XO are able to map quite accurately the central part of the dose
profile as well as the lateral tails. The gel response without XO is
quite different: in fact, the profiles orthogonal to the beam axis
are more accurate and consistent with the data from the ionization
chamber. Indeed, as shown in Fig. 8, the presence of XO reduces the
sensitivity of the dosimetric gels by a factor of three and makes the
images much noisier. Therefore, although the presence of XO can
help reduce the diffusion of ferric ions, its use may not always be
optimal for MR imaging. However, both gel types clearly show dif-
fusion effects compared to the IC readings in the dose gradients at
the edges of the X-ray field. This is consistent with the fact that the
MRI scans were done 2 h after the irradiations, which leads to a
spreading of the signal in the order of millimeters, even when gels
contain XO.

These considerations also apply to the depth dose profiles mea-
sured along the X-ray beam axis using PVA-GTA gels with and
without XO. Quantitative data were derived by taking the MR
signal from central ROIs of the tubes, at different depths along
the X-ray beam. Results are reported in Fig. 9, showing that gels
without XO can map the IC dose profile more accurately both in
the initial dose gradient, at depths smaller than the build-up, and
at higher depths. Conversely, the response of gels with XO is noisy
and the signal fluctuations obscure the expected trends.

The two types of PVA-GTA gels, with and without XO, presented
different degrees of accuracy, due to their different sensitivity and
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diffusion characteristics. However both gels were found to repro-
duce the dose gradients they were exposed to. These gradients,
in the buildup region and on the sides of the transversal profiles,
were extremely steep: variations were in the order of 10%/mm,
compared to a typical dose fall-off below 5 %/mm encountered in
conformational radiotherapy treatments with IMRT or with the
Cyberknife [77]. In fact, the gradients were so steep that even
our thimble ionization chamber, with an inner diameter of 5 mm,
produced results affected by volume averaging.

4. Conclusions

In this work, we investigated the MRI sensitivity of Fricke gels
produced using a matrix of polyvinylalcohol cross-linked with glu-
taraldehyde. Having optimized the MRI acquisition parameters for
these PVA-GTA gels, we found that they present good linearity of
the dose response in the clinical range of 0-10 Gy and good stabil-
ity of the MRI signal for several hours after irradiation. The sensi-
tivity was found to be higher by about 40% compared to that of
Fricke gels produced with agarose. In addition, PVA-GTA gel
dosimeters produced without XO were found to be more sensitive
to X-rays than those made with XO. Therefore, although the pres-
ence of XO allows optical imaging and can reduce the diffusion of
ferric ions, its use may not always be optimal for MR imaging.

The MRI analysis of cylindrical rods of gels allowed us to evalu-
ate the accuracy of one-dimensional dose profiles acquired with
our dosimeters. PVA-GTA dosimetric gels produced without XO
were found to be more precise and accurate than dosimeters with
X0, as shown by a comparison against dose measurements with an
ionization chamber. Our test conditions were quite demanding,
with very steep dose gradients compared to actual clinical situa-
tions; nevertheless, it is clear that diffusion effects hinder accurate
measurements in the dose gradient regions and they should be fur-
ther reduced by modifying the gel matrix and/or by minimizing the
delay between irradiation and imaging.
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