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HIGHLIGHTS

e A chemical system based on itaconic acid and N-N" methylenebisacrylamide was presented.
e A chemical point of view of the results of the irradiated dosimeters was done.

¢ A modified monomer was synthesized modifying an itaconic acid molecule.

e Effects on the dosimetric behavior in these new materials were tested.

e Post-irradiation diffusion on the itaconic acid based dosimeters was analyzed.
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Polymer gel dosimeters have specific advantages for recording 3D radiation dose distribution in diag-
nostic and therapeutic medical applications. But, even in systems where the 3D structure is usually
maintained for long periods of time after irradiation, it is still not possible to eliminate the diffusion of
the different species in the regions of dose gradients within the gel. As a consequence, information of the
dose loses quality over time. In the pursuit of a solution and to improve the understanding of this
phenomenon a novel system based on itaconic acid and N-N’-methylene-bisacrylamide (BIS) is hereby
proposed. Effects of changes in the chemical structure of the monomers over the dosimetric sensitivity
and over the post-irradiation diffusion of species was studied. In this study, one of the carboxylic groups
of the itaconic acid molecule was modified with aniline to obtain molecules with similar reactivity but
different molecular sizes. Then, dosimeters based on these modified species and on the original ITA
molecules were irradiated in an X-ray tomography apparatus at different doses up to 173 Gy. Afterwards,
the resulting dosimeters were characterized by Raman spectroscopy and optical absorbance in order to
study their feasibility and capabilities as dosimetric systems, and by optical-CT to analyze the post ir-
radiation diffusion.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

crosslinking reactions that take place in dosimeters have been
studied for different monomers like acrylamide and N-N'-methy-

Polymer gel dosimeters have specific advantages for recording
3D radiation dose distribution representing a key factor for most of
the therapeutic and diagnostic radiation techniques (Baldock et al.,
2010; Doran, 2009). Radiation-induced polymerization and
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lene-bisacrylamide (BIS) and most recently for less toxic mono-
mers like N-isopropyl acrylamide (NIPAM) and BIS (Chiu et al.,
2014; Huang et al., 2013). The resulting dosimeters presented a
linear response with radiation and proved to be excellent candi-
dates for measuring three-dimensional dose distributions, which
is a fundamental characteristic of dosimetry systems, as stated by
Gore and Kang (Gore and Kang, 1984) on their studies on Fricke
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Gel dosimeters. An important aspect of this development was to
stabilize the geometric dose information by incorporating the
aqueous Fricke solution into a gel matrix and setting the bases for
almost all modern dosimetry systems. Later on, Maryanski et al.
(1993) proposed a new type of dosimeters where polymerization
of a monomer and cross linker species was induced by radiation.
Upon irradiation, water molecules dissociate into OH and H radi-
cals that break the double C=C bonds of co-monomers, the re-
sulting co-monomer radicals interact with other co-monomers
and produce a chain reaction to form 3D polymer networks that
are spatially retained in a gelatin matrix. The amount of formed
polymer is related to the absorbed dose received by the polymer
gel. The degradation of the spatial dose information because of ion
diffusion represents the main limitation for Fricke gel dosimetry
(Baldock et al., 2001). However, the use of polymers instead of
ionic species considerably lowers the diffusion effects and if a
proper formulation of the dosimetric system is selected, then the
irradiation assays and dose distribution measurements can be
carried out on different times without losing sensitivity or spatial
distribution quality.

In this work a new polymeric system consisting of: (1) a
monomer (itaconic acid), (2) a cross linking agent (BIS) acting as
radiation induced reactants, (3) agarose or gelatin to maintain
spatial distribution upon radiation, and (4) an oxygen scavenger
molecule (Tetrakis hydroxymethyl phosphonium chloride THPC)
to prevent oxygen free radical polymerization inhibition, is stu-
died. These are the typical constituents of a polymeric dosimeter,
however, because of itaconic acid nature that could prevent the
gelatin gelification, a phosphate based buffer solution was used
instead of water for the preparation of the dosimeters. The
monomers ITA and BIS have been already studied for hydrogel
formation and the polymerization induced by other radical in-
itiation methods has been demonstrated (Caykara and Akcakaya,
2007).

The diffusion of species in a solution or gelatin matrix depends
on several phenomena, chemical interactions, polymer entangle-
ment, molecular size, mesh size, among them (Cherdhirankorn
et al., 2009; Masaro and Zhu, 1999). Most of these properties are
inherent to each chemical system and can't be varied for a specific
dosimeter. Nevertheless, if similar monomer molecules are se-
lected for the dosimeters preparation relevant information can be
obtained from their differences upon irradiation.

The main objective of this work is to establish a methodology
to study the relationship between the molecular structure of the
monomers and the post irradiation changes in polymer gel dosi-
metric systems. For that purpose different particular goals were
defined, first to study the performance of a new polymeric dosi-
metric system based on itaconic acid and BIS (ITA-BIS). Also, the
chemical modification of the itaconic acid molecule by a coupling
reaction with aniline is studied (modified ITA). Finally, a metho-
dology to correlate the post irradiation diffusion effects in
polymeric dosimeters is applied to the ITA-BIS dosimeters and
compared with the preliminary results obtained for dosimeters
prepared with the modified ITA and BIS.

2. Materials and methods
2.1. Itaconic acid chemical modification

The synthesis of the new monomer was performed through the
formation of an amide bond mediated by a carbodiimide reaction.
For that purpose, itaconic acid ( > 99% purity) and aniline ( > 99.5%
purity) purchased from Sigma-Aldrich® were used as reactants,
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(commercial grade) was used as carboxyl and amine-reactive zero-

length cross linker together with N-hydroxysuccimide (98%) (NHS)
to enhance the coupling efficiency. Both reactants were also pur-
chased from Sigma-Aldrich®™. The solvent used as reaction medium
and also for the dosimeters preparation was a buffer solution with
equimolar quantities of sodium phosphate monobasic and sodium
phosphate dibasic with analytical grade. The molar ratio ITA:Aniline
was 1:5 to assure the reaction of most of the itaconic acid. However
EDC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride) was used as the limiting factor in the reaction in order to
avoid the reaction of both acid groups in the ITA molecules, by
keeping the molar ratio ITA:EDC above 2:1. The reaction extent was
measured by UV-vis spectroscopy recorded with a Shimadtzu
spectrophotometer UV-260 from 290 to 550 nm every two minutes
for a total time of 80 min. Fourier transform infrared spectroscopy
(FTIR) was used to analyze the reaction products and reagents and
to confirm the ITA-Aniline coupling reaction, A Nicolet 5-SXC FT-
IR spectrophotometer was used to obtain the spectra. FTIR spectra
were recorded in a spectral range of 4000-400 cm~! with a re-
solution of 4 cm™'; 64 scans were run for each sample.

In order to purify the final product a temperature induced
crystallization process was carried out obtaining a solid product by
cooling the liquid product from ambient temperature to 4 °C for
48 h. The solid product was then filtered and washed twice with
the supernatant and then twice with milli-Q grade water at 4 °C,
this procedure was repeated 3 times. Considering that the melting
point of aniline is —6.3 °C and that the rest of the reagents are
soluble in water, is reasonable to expect an efficient separation of
the desired product with the described procedure. Afterwards, the
solid material was vacuum filtered using a Biichner flask set-up
and finally, the resulting crystals were dried at 37 °C until constant
weight. FTIR spectroscopy was used to evaluate the chemical
composition of the crystals.

The overall coupling yield calculated from a molar balance for
the limiting reactant as: (modified ITA moles / original ITA moles
x100) was 32.5%, which was expected because of the specific
conditions that were selected to ensure the modification of only
one acid group of the ITA molecule at the expense of reducing the
reaction yield. The obtained product requires a subsequent pur-
ification in order to obtain a product of comparable quality to the
other reagents used in this work. Nevertheless, it is still suitable
for a qualitative comparison and dosimetric feasibility tests.

2.2. Gel dosimeter preparation

For the ITA-BIS based dosimeters preparation the quantities
presented in Table 1 were used, first Gelatin 300 Bloom purchased
from FLUKA was mixed at ambient temperature and heated up to
50 °C for 30 min, then the temperature was lowered to 37 °C to
avoid polymerization of the monomers during the dosimeter
preparation. BIS was mixed for 15 min and then the ITA was in-
corporated and stirred for another 15 min. Finally, 10% v/v of the
buffer solution with THPC also at 37 °C was incorporated and the

Table 1
Dosimeter compositions.

Itaconic Acid Based Dosimeter Modified Itaconic Acid Based

Dosimeter
Component Mass % (gr/gr x Component Mass % (gr/gr x 100)
100)
Buffer solution 90.13 + 0.01 Buffer solution 90.62 +0.01
Gelatin 5.13 4+ 0.01 Gelatin 5.14 4+ 0.01
ITA 3.04 +0.01 Modified ITA 3.06 + 0.01
BIS 1.59 + 0.01 BIS 1.02 + 0.01
THPC 0.10 + 0.01 THPC 0.10 +0.01
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mixture was stirred for 30 min. The final solution was used to fill
the cuvette and the layer type vessels leaving no air in the vessels
to minimize oxygen inhibition during the irradiation induced
polymerization and finally the dosimetry were stored for 24 hr at
4 °C until the irradiation experiments for stabilization purposes.
For the dosimeters prepared with the modified ITA, the same
procedure was followed but the quantities were determined by
the solubility limits of the new molecules.

2.3. Dosimeter irradiation

Samples irradiations were carried out in a conventional X-ray
tube with a W anode available at LIIFAMIR® facilities. The tube is
connected to a generator with a maximum power of 3 kW that
provides electrical current values from 5 to 60 mA, and voltage
values from 20 to 60 kV. Different dose levels can be achieved with
this setup. In most of the irradiation experiments for the layer type
dosimeters an electrical current of 48 mA, voltage of 40 kV, and a
4.5 mm diameter collimator were used obtaining a dose rate of
2.88 Gy/min. To measure the absolute dose rate a Farmer type
ionization chamber (PTW-Freiburg TN 30013) was used in water
phantoms. For the cuvette type dosimeters, two different irradia-
tion setups were used, first the samples were continuously rotated
at 6 rpm during the irradiation experiments in order to obtain a
homogeneous absorbed dose within the dosimeter. Then, other
samples were irradiated from one side without rotation in order to
assess the dosimeter's ability to maintain the three-dimensional
absorbed dose distribution. On the other hand, layer type dosi-
meters were irradiated using a circular collimator. In these ex-
periments a known absorbed dose distribution geometry was
obtained in order to study diffusion effects in the sensitive dosi-
metric material.

2.4. Dosimeter characterization

The degree of polymerization or gel formation within the do-
simeters after the irradiation experiments was analyzed by two
different methods. First, a chemical description and quantification
was performed by Raman Spectroscopy with a Labram HR (Horiba
Jobin-Yvon) Raman spectrometer using a 632.8 He-Ne Laser with a
6.3 mW power. In this case, spectra of the irradiated dosimeters
were analyzed by comparing the area of some of the characteristic
peaks for the stretching of C=C bonds in the ITA and BIS molecule.
Also, taking into account the initial concentration in the dosi-
meters and the number of C=C groups in each monomer the
disappearance of each specie as a function of the dose was
determined.

Secondly, an in-home apparatus described elsewhere (Valente
and Vedelago, 2013) was used to measure the transmitted light in
the irradiated layer type dosimeters. The images acquired by this
method provided information about density changes after the
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irradiation that were used to determine the degree of response to
the radiation source. These images were acquired after the dosi-
meters were irradiated and at different time intervals during
6 days in order to study any changes in the dosimetric system and
to determine any post irradiation diffusion effect inherent to the
dosimetric material.

2.5. Image analysis and diffusion calculations

From the images obtained at different time intervals after the
irradiation of the dosimetric systems, the following image pro-
cessing methodology was applied. Every image of a time series
was normalized by calculating the difference in optical density
(AOD) for each pixel, then for each irradiated zone in the layer
type dosimeters the integration of the AOD in all the irradiated
zone was performed, and the relative difference between the im-
age obtained at each time and the image acquired immediately
after irradiation was used as a comparison parameter. Any change
in the area or intensity of the irradiated zone within time are
considered by this parameter and the stabilization or diffusion
effects on the dosimeters can be inferred in this way. Also dose
profiles, at the center of the irradiated zone for different dose
values were calculated at different times.

3. Results and discussion
3.1. Itaconic acid modification

The modified itaconic acid was obtained by means of the re-
action depicted in Fig. 1, where an amide functional group is
formed from one of the itaconic acid's carboxylic group and the
amine group of a chosen modifier. In this work aniline was se-
lected as the modifier, mainly because it is a simple molecule
which increases the molecular size of the itaconic acid, and that
should not decrease the polymerization reactivity compared to the
original itaconic acid in a significant amount. Nevertheless, a larger
molecular size together with a different electronic distribution in
the modified itaconic acid molecule could affect the post irradia-
tion diffusion.

The reaction evolution was followed by UV Visible spectro-
scopy, aniline was also suitable as the first modifier to study be-
cause it has an absorption peak at 448 nm that changes during the
reaction. Fig. 2 shows the UV-vis spectroscopy of this reaction,
there is a clear change during the reaction that involves the aniline
molecule.

To evaluate the effect of visible light over the reaction, the same
reaction was simultaneously performed in a dark room main-
taining the remaining reaction conditions unchanged. The final
product of this reaction was analyzed by UV-vis spectroscopy and
compared to the product from the reaction measured continuously

Semi-stable 3-(phenylcarbomoyl)but-3-enoic acid
amine reactive PN~
NHS ester \ 7

Aniline

Fig. 1. Aniline and itaconic acid's reaction catalyzed by EDC and NHS to obtain a modified itaconic acid monomer: 3-(phenylcabomyl)but-3-enoic acid.
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Fig. 2. (A) Characteristic UV visible absorbance peak of aniline. (B) Reaction of aniline and itaconic acid analyzed by UV-vis. for 80 min. (C) Area of the characteristic peak

during the reaction.

by UV-vis spectroscopy. The result is also presented in Fig. 2B as
the bold black spectrum and in Fig. 2C as the red square.

It is clear from these results that visible light has no effect over
the reaction and that UV Visible spectroscopy is suitable for
tracking the reaction progression. The final liquid product was also
characterized by IR spectroscopy and compared to the reactants
dissolved in a buffer solution with the initial concentration in the
reaction. Fig. 3 presents the IR spectrograms, by comparing the
itaconic acid and the final product spectra.

Finally to check if the reaction led to a molecule with one
amide group and one carboxilic group as desired, the pH value of
the final product was compared with the one of pure itaconic acid.
The results showed that the pH value of the itaconic acid in water
was 2 while the modified itaconic acid in the same concentration
had a pH value of 4. These results and the presence of the car-
boxilic acid peaks in the IR spectra indicates that some acid groups
reacted to form an amide bond with the aniline molecule, and
some other were kept as carboxilic acid groups.

After the purification process a crystalline product of the
modified itaconic acid was obtained, the overall yield was 32.5%. A
picture of the final product is presented in Fig. 4.

3.2. Itaconic acid dosimeters

Two different types of dosimetry systems were prepared to
study the dosimetric capabilities of the system ITA-BIS, first the
dosimetric gel was used to fill PMMA cuvettes of 10 x 10 x 44 mm?
(inner size), and then PMMA layer type vessels of 90 x 90 x 3 mm°
(inner size) were prepared to study the post irradiation diffusion
effects. For the cuvette geometry the irradiation results were
analyzed by Raman spectroscopy to provide a chemical char-
acterization of the polymeric material formed upon the irradiation,

3030.18
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Fig. 3. Absorption spectra of itaconic acid (bottom) and modified itaconic acid
(top). The following absorption bands were assigned to itaconic acid: band at
2980 cm~! (O-H) and 1701 cm~! (C=0 carboxylic acid). The signals assigned to
modified itaconic were: band at 3383 cm~! (N-H secondary amide); 1713 cm ™!
(C=0 carboxylic acid) and the shoulder at 3030 cm~' (C-H aromatic).

Fig. 4. Crystallized product.

similar procedures were used by (Huang et al., 2013) for dosi-
metric systems based on NIPAM and BIS monomers. Fig. 5 shows
the resulting dosimeters after irradiation at different doses, results
below 30 Gy were not represented because the sensitivity of the
dosimetric system and were contained within the noise values of
the characterization methods. Also, in order to evaluate the spatial
capabilities of these type of dosimeters, a collimated X-ray field
with a circular shape was used to irradiate two cuvettes and the
results of this experiments are shown in Fig. 5B.

Raman spectra of these dosimeters are presented in Fig. 6 and
the area analysis of those spectra are represented in Fig. 7. The
stretching of the C=C bond in the itaconic acid and BIS molecules
were used as characteristic peaks to evaluate the degree of poly-
merization in the dosimeters. Additionally, taking into account the
initial concentration of the monomers and the fact that a molecule
of N-N'methylene bisacrylamide has two vinyl groups, the
monomers molecular consumption relative to the initial BIS mo-
lecules was calculated and represented in Fig. 7B. These results
show that itaconic acid molecules are reacting faster than BIS ones
at higher doses. Different results were observed for the system
NIPAM-BIS in a previous work (Mattea et al., 2013), probably due
to the fact that the reaction between BIS and itaconic acid is hin-
dered by steric impediment and the negative charges of the car-
boxylic groups in the itaconic acid molecules.

From the layer type dosimeters two key results were obtained.
First, the sensitivity of the ITA-BIS based dosimeter was calculated
by means of optical methods, comparing light transmission values
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3.173 Gy
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Fig. 5. (A) Cuvette type ITA-BIS dosimeters uniformly irradiated at two different doses (120 and 150 Gy). (B) Spatial capabilities of the ITA-BIS Dosimeters. (C) Layer type ITA-

BIS dosimeters irradiated at different doses for diffusion studies.
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Fig. 6. Raman spectra for 3 cuvette ITA-BIS dosimeters irradiated at different
doses.

for each of the irradiated zones. Results for doses up to 175 Gy for
the ITA-BIS system, together with some preliminary results for the
dosimeters prepared with the modified itaconic acid are presented
in Fig. 8.

The error bars on each measurement were obtained from the
dispersion of several AOD determinations on each irradiated zone
of the layer type dosimeter, therefore including the inherent error
of the measurement device and of the irradiation setup. The re-
sults indicated that the dosimetric system presents a threshold
dose of 30 Gy and a linear response between 80 and 175 Gy. In
order to measure the saturation point and the linear limit of this
system a different irradiation setup is necessary and is planned for
future works. Also comparing the range of optical density changes
(AOD) from the itaconic acid based dosimeter and the modified
itaconic acid one, a clear decrease in the sensitivity was observed.

Although this result is not desirable for most of the dosimetric
applications, this work is focused on the effect of changes at a
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Fig. 8. Response curve for ITA based dosimeters and comparison with modified ITA
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Fig. 10. Temporal evolution of the AOD of an irradiated zone of a layer type dosimeter irradiated with a dose of 86, 130 and 173 Gy.

molecular level of the monomers in a dosimeter over the post ir-
radiation diffusion and not only over the dosimetric overall be-
havior and potential applications. In that regard, the evolution of
the different irradiated areas on the layer type dosimeters was
studied for a 6 day period. Two parameters were taken into ac-
count: the projected area of the intensity distribution in each ir-
radiated zone over time, and the AOD profile obtained by cutting
the volumetric representation of AOD with a plane perpendicular
to the layer type dosimeter surface at the center of the irradiated
zone. Fig. 9 shows the evolution of the area in layer type dosi-
meters irradiated at three different doses and Fig. 10 presents the
dose profile at different post irradiation times.

Similar criteria to follow diffusion effects were taken by Tseng
et al,, (2002) but for systems with fast diffusion effects like Fricke
gel dosimeters. Similarily to their results, the dose profiles at the
center of the irradiated zone becomes narrower while diffusion
takes place. A large variation in the area of the irradiated zone is
observed in the first 1800 min for the ITA-BIS based dosimeters,
after that time no clear effect was observed within the assayed
timeframe. The former trend has been described by several au-
thors (De Deene et al., 2000; Huang et al., 2013; Vergote et al.,
2009) as common for polymer based dosimeters, where an initial
stabilization period is required after irradiation and stable poly-
mers with very low diffusion effects are observed.

3.3. Modified itaconic acid dosimeters

In order to check the feasibility of the modified itaconic acid
based system for dosimetry applications, layer type dosimeters
were prepared and irradiated with the same methodology as the
itaconic based ones. However, the initial concentration of the
monomers was not the same since the solubility limit for the
modified ITA molecule is slightly lower at the dosimeter storage
temperatures. Therefore, less concentrated dosimeters were used
in the irradiation experiments presenting lower sensitivity than
the ITA-BIS based dosimetric system as can be seen in Fig. 9 by the
two gray circles. The lower reactivity could be due to several
reasons, first the new molecule presents a different electronic
distribution, the presence of an aromatic ring at one extreme of
the molecule induces a severe change in the polarity of the mo-
lecule and consequently it could affect its reactivity. Also, the
purification process in the production of the modified ITA needs
further improvement in order to minimize the presence of un-
reacted aniline and to enhance the final dosimetric characteristics.
Nonetheless, the polymerization induced by water ionization from
X-ray sources was possible and is currently being improved to
provide useful data for the theoretical understating of the effect of
changes in the molecular structure over the post irradiation dif-
fusivity in polymer based dosimetric systems.

4. Conclusions

A complete methodology to study the post irradiation diffusion
in a new polymeric dosimetry system was successfully developed.
The methodology included selecting commercial chemicals that
could behave as radiosensitive materials, the chemical synthesis of
new monomers suitable for X-ray irradiation response, selecting
the concentrations and procedure to prepare the dosimeters, ir-
radiating the dosimeters, and quantifying the diffusion effects
present in the dosimeters after their irradiation. In particular, a
new dosimetric material based on itaconic acid, N-N’-methylene
bisacrylamide, gelatin and tetrakis (hydroxymethyl) phosphonium
chloride was presented and its radiation response was studied
from a chemical and optical point of view. A linear response was
observed when the dosimeters were irradiated in the dose range
80 Gy - 175 Gy, however further optimization is required to es-
tablish the dose threshold and the linear limit or saturation point
of the dosimetric system. Also a new molecule was synthesized
from itaconic acid in order to correlate molecular differences to
radiation response in this dosimetric system. The new molecule
was very similar to itaconic acid but with an aromatic ring and a
carboxylic acid group instead of the two original carboxylic acid
groups of itaconic acid. This new molecule presents a different
electronic distribution, changes in the reactivity and diffusion
behavior compared to itaconic acid. Finally, layer type dosimeters
were used to study the post irradiation diffusion effects, optical
methods were used to analyze how the intensity and area of an
irradiated zone of the dosimeter changes with time, the results for
itaconic acid are in agreement with typically reported phenomena
for other polymeric systems, which comprises an initial stabiliza-
tion period followed by a very stable behavior for long periods of
time when compared to non-polymeric systems. Longer periods of
time are necessary for polymeric diffusion studies and are in
progress, to provide diffusion coefficients and comparable data
between different chemical compositions or species.

Acknowledgments

This study was partially financed by the Argentinean Govern-
ment by means of the PIP 112-20110101029 and PIP
11420090100398 projects, and the PICT 2011-0654 FONCyT Res
140/12 and PICT 2008/0398 ANPCyT projects. The authors would
also like to thank PME (2006) 1544 grants for Raman measure-
ments in LANN of SNM.

References

Baldock, C., De Deene, Y., Doran, S., Ibbott, G., Jirasek, A., Lapage, M., McAuley, K.B.,
Oldham, M., Schreiner, LJ., 2010. Polymer gel dosimetry. Phys. Med. Biol. 55,


http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref1
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref1

F. Mattea et al. / Applied Radiation and Isotopes 100 (2015) 101-107 107

R1-R63.

Baldock, C., Harris, PJ., Piercy, A.R., Healy, B., 2001. Experimental determination of
the diffusion coefficient in two-dimensions in ferrous sulphate gels using the
finite element method. Australas. Phys. Eng. Sci. Med. 24, 19-30.

Caykara, T., Akcakaya, I., 2007. Swelling behaviors of ionic poly(N,N-dimethyla-
crylamide-co-acrylamide) hydrogels in various media. J. Appl. Polym. Sci. 104,
2140-2145.

Cherdhirankorn, T., Best, A., Koynov, K., Peneva, K., Muellen, K., Fytas, G., 2009.
Diffusion in polymer solutions studied by fluorescence correlation spectro-
scopy. J. Phys. Chem. B 113, 3355-3359.

Chiu, C.-Y., Tsang, Y.-W., Hsieh, B.-T., 2014. N-isopropylacrylamide gel dosimeter to
evaluate clinical photon beam characteristics. Appl. Radiat. Isot. 90, 245-250.

De Deene, Y., Hanselaer, P., De Wagter, C., Achten, E.,W.,D.N., 2000. An investigation
of the chemical stability of a monomer/polymer gel dosimeter. Phy. Med. Biol.
45, 859-878.

Doran, S.J., 2009. The history and principles of chemical dosimetry for 3-D radiation
fields: Gels, polymers and plastics. Appl. Radiat. Isot. 67, 393-398.

Gore, J.C., Kang, Y.S., 1984. Measurement of radiation dose distributions by nuclear
magnetic resonance (NMR) imaging. Phys. Med. Biol. 29, 1189.

Huang, Y., Hsieh, L., Chang, Y., Wang, T., Hsieh, B., 2013. Characterization of the
chemical stability of irradiated N-isopropylacrylamide gel dosimeter. Radiat.

Phys. Chem. 89, 76-82.

Maryanski, M., Gore, J.C., Kennan, R.P, Schulz, RJ., 1993. NMR relaxation en-
hancement in gels polymerized and cross-linked by ionizing radiation: A new
approach to 3D dosimetry by MRI. Magn. Reson. Imaging 11, 253-258.

Masaro, L., Zhu, X.X., 1999. Physical models of diffusion for polymer solutions, gels
and solids. Progr. Polym. Sci. 24, 731-775.

Mattea, F.,, Strumia, M., Valente, M., 2013. Characterization of a polymer gel dosi-
metry system based on n-isopropylacrylamide and N-N' methylenebisacryla-
mide, X Latin American Symposium on Nuclear Physics and Applications,
Montevideo, Uruguay.

Tseng, YJ., Chu, W.C,, Chung, W.Y., Guo, W.Y., Kao, Y.H., Wang, J., Huang, S.-C., 2002.
The role of dose distribution gradient in the observed ferric ion diffusion time
scale in MRI-Fricke-infused gel dosimetry. Magn. Reson. Imaging 20, 495-502.

Valente, M., Vedelago, J., 2013. Design of an integral radiation dosimetry system
optimized for modern medical applications, X Latin American Symposium on
Nuclear Physics and Applications, Montevideo, Uruguay.

Vergote, K., De Deene, Y., Vanden Bussche, E., De Wagter, C., 2009. Macroradical
initiated polymerisation of acrylic and methacrylic monomers. J. Sep. Sci. 32,
3340-3346.


http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref1
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref1
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref2
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref2
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref2
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref2
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref3
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref3
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref3
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref3
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref4
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref4
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref4
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref4
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref5
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref5
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref5
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref6
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref6
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref6
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref6
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref7
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref7
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref7
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref8
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref8
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref9
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref9
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref9
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref9
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref10
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref10
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref10
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref10
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref11
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref11
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref11
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref12
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref12
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref12
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref12
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref13
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref13
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref13
http://refhub.elsevier.com/S0969-8043(15)00077-9/sbref13

	Molecular structure effects on the post irradiation diffusion in polymer gel dosimeters
	Introduction
	Materials and methods
	Itaconic acid chemical modification
	Gel dosimeter preparation
	Dosimeter irradiation
	Dosimeter characterization
	Image analysis and diffusion calculations

	Results and discussion
	Itaconic acid modification
	Itaconic acid dosimeters
	Modified itaconic acid dosimeters

	Conclusions
	Acknowledgments
	References




