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Abstract

Polymer gel dosimeters are fabricated from radiation sensitive chemicals which, upon irradiation,
polymerize as a function of the absorbed radiation dose. These gel dosimeters, with the capacity to
uniquely record the radiation dose distribution in three-dimensions (3D), have specific advantages
when compared to one-dimensional dosimeters, such as ion chambers, and two-dimensional
dosimeters, such as film. These advantages are particularly significant in dosimetry situations
where steep dose gradients exist such as in intensity-modulated radiation therapy (IMRT) and
stereotactic radiosurgery. Polymer gel dosimeters also have specific advantages for brachytherapy
dosimetry. Potential dosimetry applications include those for low-energy x-rays, high-linear
energy transfer (LET) and proton therapy, radionuclide and boron capture neutron therapy
dosimetries. These 3D dosimeters are radiologically soft-tissue equivalent with properties that
may be modified depending on the application. The 3D radiation dose distribution in polymer gel
dosimeters may be imaged using magnetic resonance imaging (MRI), optical-computerized
tomography (optical-CT), x-ray CT or ultrasound. The fundamental science underpinning polymer
gel dosimetry is reviewed along with the various evaluation techniques. Clinical dosimetry
applications of polymer gel dosimetry are also presented.

1. Introduction

Polymer gel dosimeters are fabricated from radiation sensitive chemicals which, upon
irradiation, polymerize as a function of the absorbed radiation dose. These dosimeters,
which uniquely record the radiation dose distribution in three-dimensions (3D), have
specific advantages when compared to one-dimensional dosimeters, such as ion chambers,
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and two-dimensional dosimeters, such as film. These advantages are particularly significant
in dosimetry situations where steep dose gradients exist such as in intensity-modulated
radiation therapy (IMRT) and stereotactic radiosurgery. Furthermore, polymer gel
dosimeters have also specific advantages in brachytherapy dosimetry. Potential applications
also exist in low-energy x-ray, high-linear energy transfer (LET) and proton therapy,
radionuclide and boron capture neutron therapy dosimetries. These 3D dosimeters are
radiologically soft-tissue equivalent with properties that may be modified depending on the
application.

The use of radiation sensitive gels for the purposes of radiation dosimetry was first
suggested by Day and Stein in 1950 when radiation was used to produce color changes in
gels containing dyes such as methylene blue (Day and Stein 1950). In 1957 Andrews et al
subsequently investigated depth doses using spectrophotometry and pH probe measurements
of irradiated radiation sensitive gels containing chloral hydrate diffused throughout an agar
gel (Andrews et al 1957). The use of radiation sensitive gels for the purposes of radiation
dosimetry, as currently used, is as a result of the work undertaken by Gore et al in 1984 who
showed the ferrous sulfate chemical dosimeter, initially developed by Fricke and Morse
(1927), could be probed by nuclear magnetic relaxometry and hence by magnetic resonance
imaging (MRI) (Gore et al 1984). It was subsequently shown that irradiated Fricke-type gel
dosimeters did not retain a spatially stable dose distribution due to ion diffusion within the
irradiated dosimeters (Olsson et al 1992). Fricke solutions with various gelling agents such
as gelatin, agarose, sephadex and polyvinyl alcohol (PVA) were investigated. Chelating
agents to reduce diffusion in Fricke gels, such as xylenol orange (XO), had only limited
success (Baldock et al 2001a) and diffusion continued to be a significant problem in the
advancement of gel dosimetry.

Polymer systems for the use of radiation dosimetry were first proposed as early as 1954,
where Alexander et al (1954) discussed the effects of ionizing radiation on
polymethylmethacrylate. Subsequently Hoecker et al investigated the dosimetry of
radiation-induced polymerization in liquids (Hoecker and Watkins 1958), and Boni used
polyacrylamide as a gamma dosimeter (Boni 1961).

In 1992, Kennan et al reported NMR longitudinal relaxation studies performed on an
irradiated aqueous solution of N,N’-methylene-bis-acrylamide (Bis) and agarose, which
showed that the relaxation rates increased with absorbed dose (Kennan et al 1992).

In 1992a new gel dosimetry formulation was proposed based on the polymerization of
acrylamide (AAm) and Bis monomers infused in an aqueous agarose matrix (Maryanski et
al 1992). This system was given the acronym BANANA due to the use of the chemical
components (Bis, AAm, nitrous oxide and agarose). The BANANA polymer gel dosimeter
did not have the diffusion problem associated with Fricke gels and was shown to have a
relatively stable post-irradiation dose distribution. The polymerization consisted of the
addition of monomers and of crosslinking of neighboring polymer chains induced by the
free radicals resulting from water radiolysis. In 1994 Maryanski et al refined the formulation
by replacing agarose with gelatin and gave the acronym BANG (consisting of Bis, AAm,
nitrogen and aqueous gelatin), to the first in a series of new polymer gel formulations
(Maryanski et al 1994b). This formulation was subsequently patented (Maryanski et al
1994a) and became commercially available through MGS Research Inc. as BANG®.
Subsequently, to distinguish in-house polymer gel formulations from the commercial
product, PAG (Baldock et al 1998a) became the polymer gel dosimeter acronym of choice
for most authors working in the field of gel dosimetry. Subsequently different compositions
and formulations of polymer gel dosimeters were investigated (Pappas et al 1999, Lepage et
al 2001a).
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During this early period in the development of polymer gel dosimetry a number of studies
were undertaken to investigate the clinical applications of PAG-type polymer gel dosimetry
using MRI (Maryanski et al 1993, 1994b, Ibbott et al 1997, Oldham et al 1998, Low et al
1999). De Deene et al (1998a) undertook an investigation into the overall accuracy of an
anthropomorphic polymer gel dosimetry phantom for the verification of conformal
radiotherapy treatments. It was established that significant issues relating to the accuracy of
this dosimetry technique were a result of oxygen inhibition in the polymer gel and MRI
imaging artifacts. Authors continued to investigate clinical aspects of polymer gel dosimetry
using MRI including conformal therapy, IMRT and IMAT (Cosgrove et al 2000, De Deene
et al 2000c, Vergote et al 2003, Duthoy et al 2003, 2004, Love et al 2003, Vergote et al
20044, Sandilos et al 2004), stereotactic radiosurgery (Ertl et al 2000, Grebe et al 2001,
Pappas et al 2001, Audet et al 2002, Novotny et al 2002, Scheib and Gianolini
2002,Watanabe et al 2002, Papagiannis et al 2005, Karaiskos et al 2005), brachytherapy
(Farajollahi et al 1999, Wuu et al 2003), low-energy x-rays (Boudou et al 2004), high-LET
and proton therapy (Ramm et al 2000, Jirasek and Duzenli 2002, Heufelder et al 2003,
Gustavsson et al 2004), boron capture neutron therapy (Farajollahi et al 2000, Gambarini et
al 2004) and tissue inhomogeneities (Love et al 2003, Vergote et al 2003).

In 1996 Gore et al (1996) and Maryanski et al (1996) demonstrated the potential of optical-
CT as an alternative imaging technique to MRI for PAG-type polymer gel dosimeters. This
technique was further investigated by Oldham et al (2001, 2003) and Oldham and Kim
(2004). In 2000 Hilts et al demonstrated the use of x-ray CT to image PAG-type gels and
subsequently used x-ray CT to investigate stereotactic dose distributions. In 2002 Mather et
al (2002b) demonstrated the use of ultrasound to image polymer gel dosimeters. In 2003
Rintoul et al (2003) demonstrated the use of Raman imaging to evaluate an electron depth
dose in an irradiated PAG dosimeter.

Although polymer-type dosimeters did not have the diffusion limitations of Fricke-type gel
dosimeters, there was another significant limitation to their use. Due to the nature of their
free radical chemistry, polymer gel dosimeters were susceptible to atmospheric oxygen
inhibiting the polymerization processes. As a result, these gel dosimeters had to be
manufactured in an oxygen-free environment, for example in a glove box flushed with inert
gas such nitrogen or argon (Baldock et al 1998a, De Deene et al 1998a).

A significant development in the field of gel dosimetry was reported by Fong et al (2001).
This development was a new type of polymer gel dosimeter, known as MAGIC, in which
atmospheric oxygen was bound in a metallo-organic complex thus removing the problem of
oxygen inhibition and enabling polymer gels to be manufactured on the bench-top in the
laboratory. These types of polymer gel dosimeters became known as the new class of
normoxic gel dosimeters. The existing PAG dosimeters subsequently became known as
hypoxic or anoxic gel dosimeters. The MAGIC polymer gel formulation consisted of
methacrylic acid, ascorbic acid, gelatin and copper. The principle behind removing the
problem of oxygen in the MAGIC gel is in the use of ascorbic acid, commonly known as
vitamin C. Ascorbic acid binds free oxygen contained within the aqueous gelatin matrix into
metallo-organic complexes in a process initiated by copper sulfate (De Deene et al 2002b).
It was subsequently shown that other antioxidants could also be used in the manufacture of
normoxic gels including tetrakis (hydroxymethyl) phosphonium chloride (THPC) (De Deene
et al 2002a, Baldock 2006). Numerous authors subsequently published results of work
investigating different compositions and formulations of normoxic polymer gel dosimeters
which have been summarized by Senden et al (2006).

Phys Med Biol. Author manuscript; available in PMC 2011 February 1.
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With the introduction of normoxic gel dosimeters, MRI studies were undertaken to
investigate their usefulness for IMRT (Gustavsson et al 2003), and radionuclide therapy
(Courbon et al 2006, Gear et al 2006, Braun et al 2007, 2009).

There have been a limited number of previous reviews on polymer gel dosimetry (McJury et
al 2000). For further reading on gel dosimetry see the proceedings of the DOSGEL
conferences (DOSGEL 1999, 2001, 2004, 2006, 2008).

This current topical review comprehensively reviews the field of polymer gel dosimetry
since its beginnings. The fundamental science underpinning the dosimetry technique is
reviewed along with the various evaluation techniques and associated issues for the purposes
of clinical dosimetry applications. In addition, areas of future potential developments are
discussed.

2. Polymer gel dosimetry methodology

Polymer gel dosimetry involves three steps (figure 1): first, the radiation sensitive polymer
gel is fabricated and poured into an antropomorphically shaped container and associated
calibration vials, and left to set. Second, the antropomorphic phantom and associated vials
are irradiated. Third, after polymerization the gel is scanned by use of a dedicated optimized
imaging technique, and the acquired images are subsequently analyzed.

2.1. Fabrication

Polymer gel dosimeters are hydrogels in which vinyl monomers are dissolved. Water free
radicals induce the polymerization of the monomers, such that monomers are converted to
polymers. The amount of polymer produced is a function of the absorbed dose. The purpose
of the gel matrix is to hold the polymer structures in place, preserving spatial information of
the absorbed dose.

As previously mentioned, the fabrication process of the early polymer gel dosimeters was
complicated by the fact that the oxygen concentration in the polymer gel dosimeters had to
be reduced to less than 0.01 mg 171, a factor of approximately 1000 lower than normal
atmospheric conditions. Oxygen is found to inhibit the radiation-induced polymerization
through the formation of peroxides. In 2001, Fong et al proposed the use of an anti-oxidant
to scavenge the oxygen in the polymer gel dosimeter (Fong et al 2001).

Since the early polymer gel dosimeter formulations several other chemical compositions
were studied. Different gelling agents and radiation sensitive monomers have been
investigated. Some of the monomers used are summarized in table 4. However, to date, the
dosimetric properties have been comprehensively investigated for only a few polymer gel
compositions (De Deene et al 2006a). Apart from a measurable dose sensitivity, the polymer
gel dosimeter phantom and calibration samples should be (i) stable in time and space, (ii)
should be radiologically tissue equivalent, (iii) should be dose rate and energy independent
with the effect of temperature and pressure on the gel negligible (De Deene et al 2004b).
Other significant factors are the influence of temperature during fabrication (De Deene et al
2000d) and storage (De Deene et al 2007a). The manufacture of polymer gel dosimeters is
known to have certain potential health hazards and risks associated with the chemicals used
(Baldock and Watson 1999). More recently, less toxic gel dosimeter compositions have been
proposed (Senden et al 2006).

2.2. Irradiation

Polymer gel dosimeters can be considered as chemical dosimeters that rely on a radiation-
induced chemical reaction. The interaction of several types of radiation with polymer gel
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dosimeters has been studied. The most studied types of irradiation are gamma rays from
cobalt sources and high-energy x-rays produced by clinical linear accelerators. No
significant energy dependence was found for photon beam energies between 6 MV and 25
MYV for most gel dosimeters (De Deene et al 2006a).

A second type of irradiation for which polymer gel dosimeters have been investigated are
protons and heavy ions. However, due to saturation effects close to the proton track, the
dosimetric response is less than found with x-rays. Further, the dose—response is dependent
on LET and therefore varies along the proton track (Jirasek and Duzenli 2002).

The dose information of an irradiated gel can be read out using different imaging techniques
based on the specific physical change that has taken place in the irradiated gel. The three
most-extensively used imaging techniques for polymer gel dosimetry are MRI, optical-CT
and x-ray CT.

Any MRI contrast parameter that changes upon polymerization of the monomers in the gel
is a potential candidate for mapping the dose distribution. The spin-lattice relaxation rate
(R1 = 1/T1) has been found to change only slightly upon irradiation-induced polymerization
(Maryanski et al 1993). The MRI property that has been used most often is the spin—spin
relaxation rate (R, = 1/T,) because of the large sensitivity and dynamic range of R, with
respect to the radiation-induced polymerization as a function of absorbed dose. Important
criteria are the accuracy and precision of the scanning technique. Imaging artifacts will
decrease dosimetric accuracy. The dosimetric precision is determined by the sensitivity of
the physical property determining the contrast in the scanned images, while the spatial
precision is determined by the scanning technique. By calculating quantitative R, maps
instead of using conventional T, weighted images, image inhomogeneities due to the
inhomogeneous radio-frequency field (B4 field) and external magnetic field (B field) are
filtered out to a large extent. An alternative contrast mechanism is magnetization transfer
(MT) (Lepage et al 2002) which has been found to be very useful in scanning low-density
gel dosimeters (De Deene et al 2006b).

Due to the irradiated regions in polymer gel dosimeters becoming visibly opaque with
absorbed dose, optical computerized tomography (optical-CT) of polymer gel dosimeters
has been considered as an alternative to MRI. Several optical scanner types have been
developed (Gore et al 1996, Oldham et al 2001, Doran et al 2001, Wuu et al 2003, Krstajic
and Doran 2006, Sakhalkar and Oldham 2008, VVan Doorn et al 2005) which rely on the
principle of filtered back projection to reconstruct the cross-sectional image(s). Much recent
optical-CT work has focused on non-scattering dosimeters (Sakhalkar and Oldham 2008).

X-ray computerized tomography (x-ray CT) is a third alternate imaging technology that
enables readout of polymer gel dosimeters (Hilts et al 2000). X-ray CT is based on
radiation-induced polymerization causing a change in the absorption coefficient of the
irradiated polymer gel. The change in absorption coefficient is related to an associated
change in mass density. The relative mass density change is in the order of 1 mg cm™3 Gy !
(Trapp et al 2001a) and results in a change in CT number in the order of 1 Hounsfield unit
per Gray for PAG dosimeters. Although signal-to-noise (SNR) is an important consideration
in MRI and optical-CT, it is particularly significant in x-ray CT. In order to obtain a dose
related image with a sufficiently high SNR in x-ray CT, image averaging of multiple
acquisitions must be performed. In order to obtain x-ray CT images within a reasonable
scanning time and with a sufficiently high SNR, different image filtering techniques have
been proposed (Hilts and Duzenli 2004, Jirasek et al 2006b).

Phys Med Biol. Author manuscript; available in PMC 2011 February 1.
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The change in density and viscosity in irradiated polymer gels also results in a change in the
speed of sound (Mather et al 2002a, 2002b). An ultrasonic imaging system was developed to
evaluate irradiated dose distributions (Mather and Baldock 2003a).

3. Fundamental principles of polymer gel dosimetry

3.1. Basic radiation chemistry mechanisms

The percentage water content of gel dosimeters is generally of the order of 90%.
Experimental studies on numerous solutions of different compounds in water illustrate that
the solute is often not being affected directly by the radiation but indirectly by some entities
produced from water (Swallow 1973). Upon irradiation, water molecules are dissociated into
several highly reactive radicals and ions (Spinks and Woods 1964, Magee and Chatterjee
1987) during a process termed ‘radiolysis’.

The cluster size of radiolytic products and the types of species that are created within the
first femtoseconds are dependent on the type of irradiation and the energy of the primary
particles. In the case of x-rays, gamma rays and electrons, the radiolytic products appear in
clusters called ‘spurs’ (figure 2). These pre-thermal events occur in a time period of 1071° s
to 10714 s (Spinks and Woods 1964). For 6 MV photons the location of the radiolytic
products is within 1 nm from the path of the incident ionizing particle at the point of
creation. Because these events take place over a short time and spatial scale, the observation
of these events is limited by intrinsic quantum uncertainties. From this moment onward, the
probability that these reactive particles reach each other by Brownian motion and then react
with one another increases with time. As a result, the radius of diffusing radiolytic products
starts to grow. After 10711 s a local thermal equilibrium in the recombination of reactive
particles is reached. With an average diffusion coefficient of the reactive particles of 4 x
1079 m? s71 in water (Magee and Chatterjee 1987), it is estimated that after 10711 s the root
mean square displacement of the particles from the point of creation is 0.28 nm which is
only one tenth of the intermolecular distance of the monomers in a typical polymer gel
dosimeter. As the molecular diffusion coefficient of water in the hydrogel is only 15% lower
than in pure water (De Deene et al 2000d) it can be expected that the diffusion coefficient
for the radiolytic products of water is of the same order of magnitude. After 1078 s the root
mean square displacement from the point of creation amounts to 9 nm. The predominant
intermediates present after 1078 s are listed in table 1 together with their radiochemical
yields (G-values, i.e. number of particles per 100 eV primary energy) (Spinks and Woods
1964). These radiolytic products of water, particularly ezq, may react subsequently with the
monomers. For example, the hydrated electron, ezq, reacts with the monomers by the
formation of a radical anion that can be later neutralized by a proton (Panajkar et al 1995).

In summary, the decomposition of reactive intermediates (R*) can be written as a simplified
reaction of which the dissociation rate (kp) is proportional to the absorbed dose:

k, .
H,O — 2R°. (1)

The radicals initiate the polymerization of monomers by reacting the monomer. The
initiation step can be written as follows:

k
R*+M —I) MI (2)

Phys Med Biol. Author manuscript; available in PMC 2011 February 1.
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with k;(n) the initiation reaction rate constant. The resulting radiochemical yield (G) factor
for AAm and Bis is found to be 2.54 x 10° and 3.42 x 10° respectively and for the formation
of polymer 5 x 10° (Lepage et al 2001d).

In table 2, some initiation reaction rate constants are given for several monomers used as
constituents in the manufacture of typical gel dosimeters.

The growth of the polymer continues by chain propagation reactions in which the polymeric
radicals react further by adding monomers or by adding pendant vinyl groups (resulting
from Bis) that are present on other polymer chains. The general case in which a polymer
radical with n monomer units reacts with a monomer or a dead polymer chain containing m
monomer units is shown in equation (3):

kT c(nm)

MI.II+M” — MI.I-HN' 3)

Rate constants for the propagation reaction of various vinyl monomers in aqueous solution
with monomers (m = 1) are listed in table 3.

Termination of the polymerization reaction occurs by the reaction of two radicals by either
combination or disproportionation:

. . kyc(n,m) .
IvIm"'lwn —_— Mm-+n (4)
. . k. d(n,m)
M,,+M, > M+ M,,. (5)

Note that primary radicals generated by water radiolysis can also react with growing
polymer chains to induce termination:

. . kTr(o.m)
R*+M, —— M, ©)

and that primary radicals can react with pendant vinyl groups on dead polymer chains to
initiate additional polymerization reactions:

. ko
R*+M, — M. )

In addition to termination reactions, the growing polymer-radical may also terminate by
transfer of the radical group to other molecules (Whittaker et al 2001). Typical chain
transfer constants Cpy = kirans/kp Of radicals are of the order of 1073 to 10~ (Brandrup et al
1999):

Kerans

M, +M,, — M,,+M;. (8)

m

When crosslinker molecules such as Bis are consumed via propagation reactions (equation
(3)), one vinyl group on the crosslinker polymerizes and the other becomes a pendant vinyl
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group along the polymer chain, which is available for later propagation reactions, which lead
to the formation of crosslinks. Alternatively, depending on the geometry of the crosslinker
molecule, the second vinyl group can sometimes be consumed immediately after
polymerization of the first vinyl group, via a cyclization reaction (Okay et al 1995), thereby
reducing the number of pendant vinyl groups available for crosslinking.

The radical site on the growing polymer can also undergo chain transfer to the gelatin
biopolymer (Whittaker et al 2001). The polymeric gelatin radicals that are formed are slow
to propagate with additional monomer, so that increasing gelatin concentration results in a
reduction in the extent of polymerization (Lepage et al 2001c). The reaction coefficients of
the hydrated electron, e;q, and the hydroxyl-radical,, with gelatin are respectively 6.4 x 1010
I mol~1s™1and 9.1 x 1019 | mol=1 s71 (Buxton et al 1988).

Peroxide-radicals are created when oxygen is present in the gel:

kot

R*+0, — ROO* (9)
. ko2 .
M;+0, — M,,00°. (10)

These peroxide-radicals will quickly react with other radicals leading to termination,

k,

ROO®+R* —% ROOR (11)
kRU

ROO*+M? == ROOM,, (12)
k]\"_’l

M, 00°+R* =% M,,00R (13)
. . Kgan

M, 00°+M?, =% M, 00M,,. (14)

The viscosity within the precipitated polymer microgels is very high, hindering termination
by mutual interaction of the growing chains (equation (6)) but has less effect on the
propagation reaction (equation (3)) because diffusion of the small monomer molecules is not
affected significantly by the increased viscosity (Kim and Hamielec 1984). As a result, the
rate of polymerization increases with high conversions (Swallow 1973). This effect of auto-
acceleration is also called the gel effect or Trommsdorff effect (Chernyshev et al 1997). It
has been reported that in systems in which the polymer precipitates from the solution by the
creation of a heterogeneous gel system, the increase of viscosity takes place very rapidly
even at low conversions (Chapiro 1962). This effect has also been illustrated through
mathematical models of dispersion radical polymerization kinetics (Chernyshev et al 1997).
The lower termination rate may also be responsible for the increasing size of the polymer
microgels with increasing dose, as has been observed by optical turbidity spectra (Maryanski
et al 1996).

Phys Med Biol. Author manuscript; available in PMC 2011 February 1.
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To date it is not known if the nonlinear response in the low-dose region (seen from 0 to 1
Gy) (De Deene et al 2000d) of most polymer gel systems is a reflection of this sudden
change or if it is due to inhibitors (such as oxygen) in the gel. Note that although most of the
dose—-R, plots of polymer gel dosimeters are fitted against a linear or mono-exponential fit, it
can be seen that for most polymer gel systems the dose—R, sensitivity up to 1 Gy is less than
in the higher dose range (2-10 Gy).

With polymer gel dosimeters in which crosslinking copolymerization occurs (such as the
aqueous AAm/Bis gel system) the kinetic models as mentioned in equations (2)—(13)
become more complicated due to the differences in reactivity of the two comonomers
(Baldock et al 1998b, Lepage et al 2001d, Jirasek et al 2001a) (figure 3) and the change in
the reaction rate coefficients during the growth of the copolymer-network. The different
reaction rates of the comonomers lead to a shift in the instantaneous relative comonomer
concentration (Baselga et al 1988, 1989). The reaction rates of the growing copolymer
chains are not only dependent on the number of monomer units but also on the crosslinking
density and the shape of the polymer structures (Tobita and Hamielec 1992).

According to Baselga et al (1989), in the crosslinking copolymerization of an AAm/Bis
aqueous solution, three different reaction steps can be observed: a pre-gelation, gelation and
post-gelation step. In the pre-gelation step, no microgel has precipitated, and the polymer
molecules are rich in Bis, because Bis has a higher reactivity than AAm due to its two vinyl
groups. During gelation, microparticles precipitate due to crosslinking reactions. As the
copolymerization proceeds, the concentration of unreacted Bis falls more quickly than the
concentration of AAm. The precipitated copolymer microgels that form later contain less
reacted Bis than the microgels that form earlier, and have lower crosslink density. The post-
gelation phase is characterized by slow crosslinking, due to the low mobility of pendant
vinyl groups (from Bis) along the polymer chains and steric hindrance (Tobita and Hamielec
1992, De Deene et al 2000d) and reorganization of the polymer networks (Lepage et al
2001d).

From figure 4 it can be seen that the gelatin has a small moderating effect upon the reaction
kinetics. It is noted that the dose—-R, response in AAm/Bis-solution is in contrast with
previous published assumptions of a step response in the Ry—dose response indicating a go/
no-go reaction at about 15 Gy (Maryanski et al 1993).

Some studies have been performed on PAG dosimeters and aqueous solutions with different
ratios of AAm and Bis. From FT Raman spectroscopy studies it is seen that the relative
content of AAm and Bis has a significant influence on the consumption rate of both
monomers (Jirasek and Duzenli 2001b). This results in a difference in dose sensitivity of
gels with different compositions. Previously, it was reported that the dose sensitivity of PAG
dosimeters is maximum for equal amounts (in weight) of monomer (AAm) and crosslinker
(Bis) (Maryanski et al 1997). The solubility of the crosslinker Bis in the gel is limited to
approximately 3% in weight relative to the total weight of the gel (w/w). The solubility of
the crosslinker in gel can be further increased by the addition of co-solvents (Koeva et al
2008). This finding appeared to be independent of scanning temperature. It was also found
that the saturation R, (the R, for very high doses) increases with increasing crosslinker
fraction. In the study performed by Maryanski et al (1997), it was assumed that the
dependence of dose sensitivity on crosslinker fraction reflected two opposing tendencies: an
increase in sensitivity with crosslinker content up to 50%C (%C is the relative content of
crosslinker with respect to the total amount of comonomer in percentages of weight) due to
greater NMR relaxivity of more crosslinked (rigid) polymer, whereas a decrease in
sensitivity with increase in crosslinker content beyond 50%C might be caused by lower
reactivity of the crosslinker (Bis). The latter explanation has been contradicted by several
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studies using FT-Raman vibrational spectroscopy in which it was found that the
consumption rate of the Bis crosslinker monomer is twice as large as the AAm monomer
(Baldock et al 1998b, Jirasek et al 2001a, Lepage et al 2001d, Rintoul et al 2003). The
difference in consumption rate of comonomers may explain that the relative fraction of
monomer and crosslinker changes with dose. Thus the polymer structures created at small
doses differ from the structures created at larger doses. It has been proposed that the change
in viscosity by structures rich in AAm and a higher incidence of comonomer reacting with
itself at high crosslinker (Bis) concentrations, which is slowed by steric hindrance, explains
the dose sensitivity versus crosslinker concentration (Jirasek and Duzenli 2001b). These
reactions have also been described in previous works on crosslinked polyacrylamide gels
(Gelfi and Righetti 1981a, 1981b, Baselga et al 1988, 1989, Tobita and Hamielec 1990,
1992).

Although no hard evidence has been published for methacrylic acid based polymer gel
dosimeters to date, it is assumed that in these polymer gel dosimeters the methacrylic acid
polymer chains react with the gelatin in a process called ‘graft polymerization’ (Stejskal et
al 1988, Keles et al 1999). This assumption is based on the observation of physical
properties of polymer gel dosimeters irradiated to different doses such as the completely
different characteristics of ultrasonic speed and elasticity modulus (Mather et al 2002a), the
different characteristics of restricted molecular self-diffusion of the water molecules, the
melting temperature of both gels, the chemical stability of the gels (De Deene et al 2002b)
and the dose—R, response curves obtained for different irradiation temperatures.

A comprehensive model describing the reaction kinetics in PAG was developed and
numerically solved by Fuxman et al (2003). In this model two phases were considered. One
phase is the aqueous phase that consists of monomers and linear polymer dissolved in water.
Crosslinked polymer chains precipitate from the aqueous phase into a polymer phase. In this
model, all the above-mentioned kinetic reaction mechanisms (except with oxygen) are
incorporated. Pseudo-empirical models have been applied to model the effect of growing
polymer on the diffusion-controlled rate coefficients. However, the diffusivity of the
monomer within the precipitated polymer remains unknown. Although some of the rate
coefficients had to be adjusted, the model was able to predict phenomenologically the
behavior of the gel dosimeter response with respect to gelatin concentration, monomer
concentration and dose rate. The model also predicted temperature changes in irradiated
PAG (Salomons et al 2002) and has also been extended to describe the reactions that take
place at the edge of a non-uniform dose distribution (De Deene et al 2002a, Fuxman et al
2005).

3.2. The structure of polymer gel dosimeters

The structure of the gel dosimeters before irradiation can be determined from basic
calculations regarding the amount of gelatin and monomers that are present and from other
studies on gelatin gels. The gelation of aqueous gelatin solutions is governed by the growth
of a 3D network of biopolymer chains. The junctions of the network matrix result from
renaturing of collagen. The collagen unit (tropocollagen) is a rod of approximately 280 nm
in length made of three polypeptide chains, each one being twisted into a left-handed helix
and all three wrapped into a super-right-handed helix (Ward 1977) (figure 5).

The gelation process of aqueous gelatin solutions has been investigated by the observation
of different physico-chemical properties such as by use of viscosimetry (Huang and
Sorensen 1996), atomic force spectroscopy (Mackie et al 1998), dye fluorescence (Bozena
1999), dielectric measurements (Bohidar et al 1998) and polarimetry and MR relaxometry
(Magquet et al 1986). Models have been developed to describe the sol—gel transition of
gelatin gels (Daoud 1987, Del Gado et al 1998). All of these studies demonstrate that the
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gelation occurs quickly during the first minutes after quenching the sol—gel at temperatures
below 35 °C with a much slower progression after the first hours. No equilibrium is found
even after a week. This has also been observed as one source of chemical instability in
several gel dosimeters that results in a drift in the offset of the dose—-R, response curves (De
Deene et al 2000d, 2002b). Through FT Raman spectroscopy, it has been found that the
anti-oxidant, THPC, may crosslink gelatin polymers (Jirasek et al 2006a). It is believed that
the irreversible change in gel structure may have an effect on the polymerization kinetics.

The distance between the gelatin biopolymer chains will be randomly distributed. However,
to obtain an idea about the size of the network structure, a cubic topology has been
considered. In this case an order of magnitude of the size of the vacant spaces within the
gelatin network can be determined. Based upon the dimensions of the gelatin helices (Ward
1977) it is found that the mazes measure in the order of 7 nm to 12 nm for a 6% (w/w)
gelatin gel.

The size of the monomers is in the order of a few angstroms (for AAm 0.4 nm by 3 nm, for
Bis 10 nm by 3 nm). The average intermolecular distance of the monomers in an un-
irradiated dosimeter gel can be calculated from the molecular weight and the molecular
weight fraction. For a (6%T, 50%C) PAG the average intermolecular distance is 2.0 nm for
the AAm monomers and 2.5 nm for the Bis crosslinker. The average molecular distance
between the water molecules is in the order of 0.39 nm (Narten et al 1967). Since the
spacing between the gelatin structures is large compared to the sizes of monomer and water
molecules, the gelatin has little influence on the diffusivities of these small molecules.

Upon irradiation, different polymer structures are created in the gel. Due to the high amount
of crosslinker in the case of a PAG, the polyacrylamide network can be seen as microgel
particles embedded in the gelatin hydrogel. It has been mentioned previously that the size of
the polymer structures differs with dose. As a result, the polymer chain density in the
irradiated PAG dosimeters can be expected to be far from uniform (Jirasek and Duzenli
2001b) (figure 6).

Several studies on polyacrylamide gels have shown large heterogeneities (domains of high
and low gel density) in highly crosslinked gels (Gelfi and Righetti 1981a, Weiss and
Silberberg 1977, Nieto et al 1987, Baselga et al 1987, 1989).

4. Evaluation of polymer gel dosimeters

4.1. Magnetic resonance response mechanisms

From the structural and chemical studies, it can be concluded that the extent of the resulting
polymerization reaction is a function of dose. To understand the effect of radiation-induced
polymerization on the magnetic resonance relaxation rates Ry and Ry, different proton pools
can be considered (i.e. ensembles of protons that can be considered as belonging to
molecules that experience the same chemical environment). Three major groups of proton
pools can be considered in a polymer gel dosimeter (Lepage et al 2001c): (1) the proton pool
of free and quasi-free protons (denoted as mobile, mob). These are the protons from free
water molecules and unreacted monomers; (2) the proton pool of a growing poly-acrylamide
network (poly) and of water molecules bound to the macromolecules and (3) the proton pool
of the gelatin matrix (gela) and of the water molecules associated with the gelatin. It is noted
that in order to study other phenomena in more detail, a subdivision of these proton pools
can be considered as well. In a study of the chemical stability of polymer gel dosimeters the
third pool is subdivided in two pools (De Deene et al 2000d).
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According to the theory of Bloembergen et al (1948), also referred to as the BPP-theory and
further extended by Woessner (1962), the spin—spin relaxation of the different proton pools
is governed by the rate of molecular ‘tumbling’ and Brownian motion of the molecules that
contain these protons. This results in a change of the efficiency of dipolar coupling between
neighboring protons and results in a change in the diphase rate of the spin—-magnetic dipole
moments. As this is directly correlated with the spin—spin relaxation, it can be expected that
the relaxation rate of the proton pools is inversely correlated with the mobility of the protons
within these pools. The different proton pools are thus characterized by different relaxation
rates.

If the lifetimes of protons in the various environments are long compared to the
characteristic correlation times of the environments, each environment has intrinsic
relaxation rates that are independent of the specific lifetime value (R mobs R2,poly: R2,gela)-
Further, if the lifetimes are long compared to these relaxation times, the NMR signal is the
same as the sum of the signals from isolated, non-exchanging environments. When this
happens, the relaxation curves are multi-exponential, with the coefficient and R, of each
exponential term being determined by the relevant population fraction and NMR properties
of each different pool respectively. This is the slow exchange case. Alternatively, when
these lifetimes are short compared to the relaxation times but still long compared to the
correlation times (the rapid exchange limit), the observed relaxation curve will be mono-
exponential with a relaxation rate that is the weighted average of the relaxation rates of the
different proton pools in the entire sample (Zimmerman and Brittin 1957):

R2:fmob : R2Amob+fpoly . Rl.poly+fgela . Rl.gela (15)

With fmon, fooly and fgela the relative fractions of protons in the mobile, polymer and gelatin
pool, respectively.

For R, MRI measurements that have been performed on polymer gel dosimeters, the
condition of fast exchange is fulfilled. Before irradiation, the second proton pool is empty
while the first proton pool is at its maximum. Upon irradiation, the second proton pool starts
to grow at the cost of the first proton pool.

The mobility of monomers is relatively high and thus the mobility of water molecules bound
to the monomers by hydrogen bridges is also high. However, upon irradiation of the gel
dosimeters, the molecular mobility is significantly reduced. As the mobility of the bound
water molecules is reduced, spin—spin relaxation is more effective, which is observed by an
increase in Ry. Alternatively, exchange of water protons with fast relaxing polymer protons
will increase Ry.

A comparison of the change in R, of gel dosimeters consisting of different monomers
suggests that the change in relaxation rate cannot be explained by the BPP-theory solely. In
table 4, the R,-dose sensitivity of a number of different gel dosimeter formulations is listed.

The simple model of fast exchange is a good overall representation of the system but the
exact values of the relaxation rate are modulated by the rate of exchange of magnetization
between the pools. From studies in which different water pools are selectively inverted
(Edzes and Samulski 1978), it is seen that cross-relaxation can occur between the different
proton pools, for example between protons of the polymer with protons of mobile water
(Ceckler et al 1992,Gochberg et al 1998). The exchange of magnetization may occur by
proton chemical exchange between bound water and free water and by magnetization
transfer between non-exchangeable macromolecular protons and bound water. It has been
shown that magnetization transfer can also be mediated by chemical exchange interactions
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(Kennan et al 1996). It is shown that both chemical exchange and magnetization transfer are
influenced by the pH of the system. As a result of the different interactions between the
different proton pools, the relaxation rates of the different pools (Ra,mob, R2 polys R2,gela) as
they occur in equation (15) are not only determined by the mobility of the molecules but
also by the exchange rates of protons. As some monomers have acidic or alkaline functional
groups, the overall R, relaxation rate also depends on the pH of the gel (Gochberg et al
1998).

From table 4 it can be seen that the dose sensitivity of the different monomers is influenced
by the functional group. The functional group determines both the polymerization rate of the
monomers (inversely related to the half-dose value Dy/o (Lepage et al 2001d)) and the
efficiency of cross-relaxation. The hydroxyl and amino groups serve as hydrogen bonding
sites (Ceckler et al 1992). The hydroxyl-group seems to be more efficient than the amino-
group in the exchange of magnetization. However, it is seen that the reaction rate of AAm in
the PAG is much higher than of acrylic acid. As a result, the dose sensitivity of both
monomers is nearly the same but the dose-range of the AAc gel is larger than for the AAm
based gel. Although the alkyl-group (in MAc and HEMA\) does not have a large influence
on the cross-relaxation efficiency it alters the polymerization rate of the monomers
significantly. Studies have been undertaken to investigate the relative significance of the
various components of the chemical components (De Deene et al 2002a,Venning et al
2005a,2005b,Hurley et al 2005).

Magnetization transfer between different proton pools can be used directly to evaluate the
polymer gel dosimeters (Lepage et al 2002). More recently, the magnetization transfer
proportion was also proposed (Whitney et al 2008).

4.2. Magnetic resonance imaging considerations

Imaging parameters such as echo time (TE), repetition time (TR) and flip angle (FA) have a
large influence on the contrast in diagnostic MR images. The most commonly used MR
contrast for polymer gel dosimetry is the spin—spin relaxation rate R,. Whereas T,-weighted
images are used in the clinic, a collection of these images are used to calculate R, maps.
Although theoretically, the use of T1— or To_ weighted images is not excluded, it is found
that main magnetic field (Bg) (De Deene et al 2001a) radio-frequency field (B1) (De Deene
et al 2000b) inhomogeneities have a detrimental impact on the accuracy of the dose reading.
These effects are largely compensated by the use of quantitative R, maps as these effects are
in first order proportional to the signal intensity.

To obtain quantitative R, maps, different imaging sequences can be used. The most simple
sequence is a conventional single spin—echo sequence. By changing the TE, the T,
weighting in the base images can be varied. The R, value in each pixel can be acquired from
two differently T, weighted images (figure 7) according to

Ro(i, j)=

'S4, j)}

TE, - TE; S»(, ))

(16)

From a signal-to-noise point of view, it is more optimal to use a multiple spin—echo
sequence. In a multiple spin—echo sequence, several different T, weighted images are
acquired during the same repetition period. The R, value in each pixel can be obtained by
fitting an exponential decay curve to corresponding pixel values in the base images (figure
8).
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There have been attempts to increase the imaging time by making use of ‘turbo’ or “fast’
spin—echo sequences (Bausert et al 2000, Bankamp and Schad 2003). In these imaging
sequences, more than one echo is used for constructing a base image. The number of echoes
used within the same base image is called the ‘turbo factor’. It should be noted however that
the increase in scanning time results in a smaller number of base images and is thus at the
cost of signal-to-noise ratio.

Magnetization transfer is another contrast that can be used to acquire quantitative dose-
related images (Lepage et al 2002). MT contrast is achieved by applying one or several off-
resonance radio-frequency (rf) pulses. The off-resonance rf-pulses will decrease the
magnetization of the macromolecular pool. Due to transfer of magnetization or exchange of
protons between the macromolecular pool and the free water pool there will be a decrease in
signal of the water protons.

In magnetization transfer, the signal decrease is proportional to the amount of saturated
macromolecular protons (figure 9). The efficiency of the magnetization transfer also
depends on the molecular side groups to which the macromolecular protons belong
(Gochberg et al 1998,2001,Lepage et al 2002). Magnetization transfer imaging has proven
to be very useful for scanning low-density gel foam dosimeters (De Deene et al 2006b).

4.3. Optical-CT

Gore et al (1996) introduced a new method of 3D dosimetry using optical computed
tomography, or optical-CT, to scan polymer gel dosimeters. Unirradiated gel is virtually
transparent to visible light, but irradiated gel becomes increasingly opaque as the number
density of radiation-induced polymer micro-particles increased (figure 10(a)). The localized
variation in dose-dependent attenuation of the gel lent itself to 3D imaging by optical-CT, a
technique analogous to x-ray CT, except utilizing visible light instead of x-rays. In a
companion paper, Maryanski et al (1996) presented the optical properties of BANG polymer
gels. The primary mechanism of optical contrast was identified as light scattering, because
of an observed absence of absorption bands (figure 10(b)) in the turbidity spectra of gels
irradiated to different doses. Negligible light absorption was reported. Measurements of the
refractive index of gels irradiated to different doses revealed increasing refractive index with
increasing dose. Both light-scatter and light-refraction therefore represent potential sources
of artifacts in optical-CT dosimetry, as discussed further below. The authors also estimated
the maximum particle sizes to be in the approximate range 400-700 nm, varying
systematically as a function of crosslinker fraction. The Gore and Maryanski papers
stimulated interest in the potential for high resolution 3D dosimetry by optical-CT. Prior to
these works MR imaging had been the sole modality for imaging the dose in polymer gels
(Maryanski et al 1993, 1994a). A question arose as to the relative merits of these imaging
methods. Oldham et al (2001) showed that optical-CT could provide a low cost and
attractive alternative to MRI scanning of polymer gels for many applications. It is noted that
MRI gel dosimetry retains unique abilities enabling imaging of arbitrarily shaped gel
dosimeters in phantoms containing opaque features or inhomogeneities.

4.3.1. Technique and theory of optical-CT—The technique and theory of optical-CT
are similar to that for x-ray CT. Briefly, the raw data for the optical-CT technique are optical
projections obtained either by a laser scanning across the sample, detected by a
photoreceiver, or by broad incoherent light beam passing through the sample and imaged
using a pixelated detector (usually a charge-coupled device (CCD), but potentially a
complementary metal oxide semiconductor (CMOS) detector). Beer’s law relates the
measured signal intensity | to the signal in the absence of the sample Iy by
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I=Ij exp [—f i (s)ds
ray—path 17)

where p is a quantity known as the optical attenuation coefficient and s is a distance along
the selected ray-path through the sample. Under appropriate circumstances, changes in p are
proportional to the absorbed dose (or can at least be related by a calibration curve) and it is p
that we wish to extract from our measurement, in a spatially resolved fashion.

If projections are obtained with the sample positioned at a range of rotation angles (typical
of the order several hundred), then the mathematical procedure of filtered back-projection
may be used to reconstruct 3D images of p and, hence, by appropriate calibration, dose.

For further information on the CT technique itself, see either Doran (2008), which deals
specifically with optical-CT, or an x-ray CT text such as Hsieh (2003).

4.3.2. Optical-CT scanning systems—As implied above, there are two broad classes of
optical-CT instrument, based on scanned laser beams and pixelated detectors. The original
optical-CT design, described by Gore et al (1996) and illustrated in figure 11(a), was similar
in design to first-generation x-ray CT scanners. First-generation systems consist of a laser
beam and a photo-detector that are mechanically coupled and are translated synchronously,
by a stepper motor, in a lateral direction with respect to the phantom. Each full scan of the
laser across the sample corresponds to a 1D optical projection and, after each such
acquisition, the sample under study is rotated by a small angular increment. In order to avoid
artifacts that are related to differences in refractive index between the gel itself, the gel
container wall and the surrounding air, the phantom is mounted in a square bath containing
an index-matched fluid. A further refinement is the addition to the matching liquid of a dye
of similar absorption properties to the gel. This allows the most efficient use of the dynamic
range of the detector (Xu et al 2003) and can increase the signal-to-noise in both the
projections and the final reconstructed images. Since the development of this first optical
scanner, several groups have published variations on the basic design (Oldham et al 2001,
Islam et al 2003, Kelly et al 1998, Xu and Wuu 2004). Developments of Gore’s original
apparatus have been commercialized and marketed by MGS Inc. (Madison, Connecticut,
USA) under the name ‘OCTOPUS’. Results obtained using this type of scanner, as shown in
figure 12(a) (Wuu and Xu 2006). While first-generation systems are most efficient at
removing contaminant light, a major disadvantage is their slow scanning speed. A typical
performance parameter for the original OCTOPUS system is found in Islam et al (2003),
where slices of 128 x 128 pixels were acquired at a rate of 12 min per slice. True-3D scans,
with isotropic high resolution and a large field-of-view in the slice direction, take many
hours. More recently, improved imaging times of order 5 min per slice have been
demonstrated using an improved version of OCTOPUS scanner (Lopatiuk-Tirpak et al
2008), but there is a limit as to how far this technology can be pushed and a full 3D scan still
took many hours.

A number of groups have thus tried to modify the laser design in such a way as to eliminate
the mechanical translation of the beam, which is the rate limiting step. Wuu et al (2003)
introduced a design in which the laser was reflected by a rotating mirror, which allowed the
beam to be scanned very rapidly across the sample in a single dimension. Van Doorn et al
(2005) and Conklin et al (2006) have also demonstrated the feasibility of a rotating mirror
approach. Perhaps the most sophisticated fast laser scanner built so far was introduced by
Krstajic and Doran (2007) and makes use of ideas drawn from confocal microscopy. Instead
of using simple rotating mirrors, this instrument manipulates the laser beam using a pair of
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galvanometer-controlled mirrors—see figure 11(b). This allows the beam to be scanned in
2D, with the potential of extremely rapid isotropic 3D imaging. Very few quantitative data
have yet been published for any of the fast laser scanners and it is at present difficult to
predict how successful they will be.

The fastest scanners reported to date use pixelated area detectors to acquire a complete 2D
projection in the same time as a traditional laser scanner obtains a 1D projection, leading to
dramatically reduced scan times of a few minutes instead of many hours. A cone-beam
configuration was proposed by Wolodzko et al (1999) (figure 11(c)) and a similar device is
marketed as a research tool by Modus Medical devices Inc. (London, Ontario, Canada)
under the name Vista. Work has been published using the Vista system (Bosi et al 2007,
20093, 2009b). A parallel beam configuration was proposed by Doran et al (2001) and later
refined to include telecentric optics to minimize sensitivity to scattered light (Krstajic and
Doran 2006, 2007, Sakhalkar and Oldham 2008)—see figure 11(d).

High quality results using both geometries have been obtained using absorbing dosimeters
(e.9. PRESAGE™ (Doran and Krstajic 2006, Wai et al 2008, Sakhalkar et al 2009) and
Fricke gels (Babic and Schreiner 2006). However, the utility of these scanners for imaging
polymer gels, where the optical contrast is generated by light scattering, is limited (see
section 4.3.3).

4.3.3. Artifacts and characterization of Optical-CT performance—The vast
majority of optical-CT dosimetry of polymer gels has involved the first-generation laser
scanning systems described above. In-depth characterization of the potential artifacts and
performance of these systems was presented in Oldham et al (2003), Oldham and Kim
(2004) and Xu and Wuu (2004). Using ‘needle phantom’ experiments, geometrical
distortion was found to be negligible (<0.25 mm) when the water-bath was well matched to
the refractive index of the gel and was not significantly affected by radiation-induced
refractive and scattering changes in the gel, or extreme geometries. When the water bath was
poorly matched, a radial compression distortion was observed the magnitude of which was
linear with increasing refractive index of the water bath fluid. Kelly et al (1998) examined
the accuracy of optical-CT reconstructed attenuation coefficients in the absence of scatter,
and found excellent agreement with independent measurement. The accuracy of optical-CT
reconstruction and the influence of varying reconstruction parameters were also
investigated.

Two of the most significant sources of artifacts in optical-CT imaging arise from reflection
and refraction of light at the walls of the dosimeter. Early attempts to minimize these effects
were suggested by Gore et al (1996), which involved limiting the range of projection data to
exclude regions close to the edges of the flask. This method can give useful results if the
radiation does not extend beyond about 90% of the diameter of the flask. For many radiation
deliveries this is not the case as beams impinge on the flask in an axial manner. Several
correction techniques to minimize refractive wall artifacts have since been proposed (Kelly
et al 1998, Doran et al 2001, Oldham and Kim 2004). One method involves taking ratios of
post- and pre-irradiation projection data of the same gel phantom, to eliminate common
artifacts (e.g. due to refraction at the container walls, or from bubbles or specks of dirt)
present in both scans. The subsequent reconstructed image reveals (ideally) only those
changes in optical attenuation that were induced by the radiation. This method can improve
significantly results close to the container walls, but is limited by the amount of information
that can be retrieved where the transmitted light approaches zero. For a more in-depth
discussion, refer to Kelly et al (1998) and Oldham and Kim (2004).
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The source of radiation-induced optical contrast in polymer-gels is the presence of light-
scattering particles, and the challenge of performing accurate optical-CT dosimetry in the
presence of scatter was immediately acknowledged (Gore et al 1996). The presence of
scattered radiation is also a well known problem in x-ray CT. Early reports of potential
scatter artifacts were reported in Xu et al (2003) and Islam et al (2003), who both noted a
cross-shaped artifact that appeared in optical-CT images of a high-dose square-field
irradiation—see figure 13(a). The cross artifact was confirmed to arise from light scattering
in optical-CT Monte Carlo simulations performed by Oldham and reviewed (Oldham 2006)
Light scattering in polymer gels was approximated by standard Mie scattering with
monodispersive particles of radius 475 nm. Scatter artifacts have also been shown to
systematically influence the magnitude of reconstructed attenuation coefficients to a
significant degree (>10%) (Oldham and Kim 2004). The situation is even more serious in
the case of CCD imaging, where Bosi et al (2007, 2009a, 2009b) have reported large
measurement errors in optical density (~30%) in the presence of scattering—see figure
13(b).

The magnitude of these artifacts can be reduced by reducing the number-density of
scattering sources, which translates to reducing the dose delivered to the gel. An
uncomfortable trade-off thus occurs for any optical-CT dosimeter where scattering is the
primary source of contrast. Despite these issues several groups have reported very successful
3D dosimetry verifications for laser optical-CT (Xu and Wuu 2004, Wuu and Xu 2006,
Oldham et al 2005) indicating that workable low-scatter regimes are feasible. Work on CCD
systems is at an earlier stage, but there are good anecdotal indications that scatter correction
will be possible. The challenge for polymer optical-CT dosimetry is to determine the effect
of scatter on the reconstructed dose in non-uniformly irradiated gel samples, without
knowing the geometry a priori.

4.3.4. Optical-CT of non-scattering dosimeters—A dosimeter material that exhibits
optical contrast through light absorbance rather than light scattering would have a clear
advantage for the optical-CT approach as it would negate the scattering artifacts illustrated
above. Several such materials now exist, and although these are not polymer gels, a brief
discussion is warranted due to the active nature of this research area.

The first optical-CT dosimetry of a non-scattering gel was proposed by Tarte and van Doorn
(1993, 1995) and subsequently by Kelly et al (1998), using a Fricke gel (agarose or gelatin
doped with ferrous ions and the indicator xylenol orange), which exhibited a radiochromic
color change. Promising performance was reported with the single limitation that the
radiochromic distribution gradually diffused through the gel placing strict restrictions on the
time available for imaging. However, the ready availability of an optical-CT scanner near
the irradiation facility would likely remove this constraint in situations where the dose
delivery itself was not too lengthy. The disadvantage of diffusion (Baldock et al 2001a) may
also be outweighed by the speed of response of the Fricke system, which does not require
time for a polymerization reaction to occur. High-quality results in a clinical situation have
been demonstrated (Babic and Schreiner 2006) using Fricke gels.

PRESAGE is a polyurethane material doped with leucodyes that can be tailored to exhibit a
peak radiochromic response at around 630 nm (the red HeNe laser wavelength). A number
of potential advantages accrue including insensitivity to oxygen; strongly reduced diffusion;
radiation-induced light absorption rather than scattering, and a solid texture amenable to
machining to a variety of shapes and sizes, without the requirement of an external container.
Detailed analysis of the PRESAGE/optical-CT dosimetry system has confirmed exceptional
potential for 3D dosimetry (Krstajic and Doran 2007).
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Exciting preliminary results for a number of other candidate gel systems were discussed at
the DOSGEL 2008 meeting and the interested reader should refer to the proceedings of this
conference (DOSGEL 2008) for further details.

Further details on the historical development and principles of optical-CT 3D dosimetry may
be found in the previous reviews by and Oldham (2006) and Doran (2008).

4.4, X-ray CT

4.4.1. X-ray CT response mechanisms—Upon irradiation, a small change in the linear
attenuation coefficient of polymer gel dosimeters enables the use of x-ray CT to be used as a
scanning technique, as shown in figure 14 (Hilts et al 2000).

The change in linear attenuation coefficient is mainly attributed to a change in electron
density originating from the expulsion of water in the polymer clusters (Trapp et al 2002,
Brindha et al 2004). CT images are expressed as CT numbers (NcT), in Hounsfield units
(H). N1 are measures of the linear attenuation coefficient of the sample () relative to that
of water (py):

N.,=1000 - L= H

Hw (18)

Density is, in theory, the sole gel parameter affecting u (and therefore NcT). Hence, changes
in irradiated gel density (ANcT) are directly proportional to a change in gel density (Apgey):

Apoe1=KAN; (19)

where K is a function of un-irradiated gel density. For PAG gel, K~ 1 and ANt in H is
numerically equivalent to gel density change in kg m=3.

Trapp et al (2001a) have made direct measurements of the change in PAG linear attenuation
coefficient (u), as well as PAG density, with dose. Their results proved that a change in p
with dose accounts for the observed ANct in CT images of irradiated PAG (figure 15).
Figure 15(b) illustrates the linear relationship between changes in PAG p and density.
Mather et al (2002a) also measured changes in gel density with dose for PAG, as well as the
normoxic methacrylic acid based MAGIC gel. Their results indicate a smaller change in
density with dose for the MAGIC than the PAG gels.

No mass is added to polymer gels through irradiation. Hence, the observed change in density
is due to either a redistribution of mass within the system, or to a change in gel volume. A
volumetric decrease would be required to account for the increase in gel density with dose,
as seen above. There exists a potential loss of spatial integrity in polymer gels due to
radiation-induced decrease in volume. Trapp et al (2001b) provided a qualitative calculation
to show that four times the currently observed PAG density change is allowable before
spatial distortions exceed 2 mm, the spatial resolution limit set by the International
Commission on Radiation Units and Measurements (ICRU 1987).

A model has been developed to aid in understanding the density change observed in
irradiated polymer gel (Hilts et al 2004). The model describes the density change as a
function of the amount of polymer formed and an intrinsic density change that occurs when
monomer is converted to polymer:
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where Apgey is the gel density change, %Tgy is the total monomer fraction in an
unirradiated gel, fy, is the fraction of monomer remaining at a given dose, and Appolymer IS
the intrinsic gel density change per unit dose. Combined with experimental investigations of
PAG gel performed using CT and Raman spectroscopy, the model revealed two properties
of PAG density change. The first is that the intrinsic density change (Appolymer) OCCUITing
per weight fraction monomer converted to polymer depends on the fraction of monomer that
is the bis-acrylamide crosslinker (%C). Since %C affects the structure of the formed
polymer, it is likely that PAG density change depends on this polymer structure. The second
property is that the total PAG density change (Apgey) is linearly related to the total fraction
of monomer in the system (%T). This highlights increasing %T as a potential method for
improving contrast in CT gel images.

X-ray CT imaging of polymer gel dosimeters typically produces low-contrast images due to
the low sensitivity (i.e. minute density changes with dose) of the technique. Table 5 lists the
dose sensitivities of x-ray CT polymer gel dosimetry as measured by several research
groups. The dose response for a standard PAG (6%T, 50%C) is mono-exponential with a
saturation dose of ~25 Gy. The sensitivity of the “‘quasi-linear’ low-dose region (0 to 8 or 10
Gy) ranges from 0.71 + 0.02 to 0.86 + 0.04 HGy L. Trapp et al (2001a) found slight
decrease in gel dose—response sensitivity with gelatin concentration. Furthermore, they
found that use of agarose in place of gelatin produced a significantly more sensitive,
although less predictable, dose response. Hilts et al (2004), as described above, determined
that the increase in gel dose response sensitivity with %T is linear (doubling %T will double
sensitivity). Furthermore, PAG%C was found to have significant effect on CT dose
response. Mid-range %C gels exhibit sensitive, exponential responses while low and high
%C gels exhibiting weak, highly linear responses.

The CT dose response of three normoxic gels has also been studied: MAGIC, MAGAT and
PAGAT. All three gels have mono-exponential CT dose responses with quasi-linear regions
at lower doses. Hill et al (see table 5) showed that MAGIC gel exhibits a CT dose response
significantly less sensitive than traditional PAG gel, but with a larger dose range. MAGAT
gel has a CT dose response similar to traditional PAG gel both in terms of sensitivity and
dose range. In contrast, PAGAT gels exhibit a lowered dose response than traditional anoxic
PAG gel, as illustrated by Brindha et al (2004) and Jirasek et al (2009) (dose response
sensitivities: 0.34 + 0.01 HGy 1 and 0.36 + 0.04 HGy 1 over regions of 0 to 10 and 16 Gy,
respectively).

4.4.2. X-ray CT imaging considerations—The low CT dose sensitivity of polymer gel
dosimeters implies that in order to enable the use of x-ray CT for radiation dosimetry
purposes, several imaging averages have to be taken for each slice. The SNR is proportional

to VN where N is the number of averages. It has been shown that typically between 16 and
32 image averages provide a reasonable trade-off between SNR improvement and imaging
time and tube load (Hilts et al 2005).

The parameters used for CT imaging do not affect the sensitivity of the dose response. The
only imaging factor with this potential, tube voltage (u, depends on beam energy), has been
shown to have no effect for both PAG and MAGIC gels. However, actual NcT values for
polymer gel can vary with x-ray tube temperature and it is recommended to warm-up a CT
scanner before using it for gel dosimetry.
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Apart from the inferior dose resolution of the CT gel dosimetry technique, this scanning
method is found to have favourable characteristics in terms of intra-batch reproducibility
and temperature insensitivity with a change in dose sensitivity of only 4 mH Gy~1 °Cc™1
recorded for a PAG dosimeter (Hilts et al 2000). CT imaging technique can, however, have
a dramatic effect on image noise and, therefore, the achievable dose resolution of CT
polymer gel systems. Reconstruction algorithm has the largest single effect on image noise.
For example, the ‘edge’ algorithm on a GE scanner can produce images ~5 times noisier
than the ‘standard’ algorithms. Table 6 lists the quantitative effects on image noise of
selectable imaging parameters (voltage (in kV), current (in mA), slice scan time, and slice
thickness), number of image averages (NAX) and pixel dimension as achieved via binning
pixels post-imaging. In summary, the tube voltage has the largest effect on image noise.
Field of view (FOV) is another parameter selectable on many CT scanners and increasing
FOV is found to increase image noise. CT imaging parameters affect image noise
independently of one another. Hence, the noise level resulting from any imaging protocol
can be deduced from a single noise measurement (given known imaging parameters)
through application of the relationships given in table 6.

In selecting CT imaging protocol, one must consider requirements for dose resolution (and
therefore image noise), imaging time and spatial resolution. A compromise exists between
achieving low noise (high CT scanning technique, large slice thickness and pixel size) and
both high spatial resolution (thin slices and small pixel size) and short imaging times (fewer
slices imaged, reduced load on the x-ray tube). The following general recommendations can
be made.

e Use astandard or low noise reconstruction algorithm.

» Maximize voltage before increasing current, time or NAX. This is because voltage,
current and NAX all affect load on the x-ray tube equally, but the voltage has the
greatest affect on image noise.

»  Maximize slice thickness and use a smooth reconstruction algorithm when imaging
uniform dose calibration vials as spatial resolution is not important.

As an additional step, a background subtraction procedure is recommended to remove
artifacts from the images. This procedure was introduced with the feasibility of CT for gel
read-out and has been used with continued success since, in various forms, by all groups
performing CT gel dosimetry.

X-ray CT dose in imaged polymer gel dosimeters: X-ray CT imaging of polymer gel
dosimeters delivers dose to the gel, potentially creating further polymerization within the
gel. This effect has been studied recently using a combination of CT dose measurements
(with an ionization chamber), CT imaging and Raman spectroscopic measurements (Baxter
et al 2007). The CT-dose-induced change in CT number for a range of imaging protocols
and gel container sizes is shown in table 7. This study was performed for a PAG gel
manufactured with THPC as antioxidant, with a reported gel sensitivity of 0.36 £ 0.03 H
Gy L. Induced AN for all imaging protocols remains below the minimum detectable
ANcT of 0.2 H. For imaging protocols requiring large image averages (e.g. 64 averages) per
slice, the ANt can exceed the minimum detectable limit (e.g. 0.5 H). Currently, this study
has been performed for only one type of gel (hormoxic PAG). Recent efforts in the
development of gels with increased sensitivity for CT imaging (Koeva et al 2009) may alter
these results.

X-ray CT post-processing: Several post-processing noise reduction methods have been
proposed to increase the SNR in the dose images (Hilts et al 2004, Jirasek et al 2006b, Hilts
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and Jirasek 2008). Figure 16 illustrates the ability of image filters to positively affect image
quality in x-ray CT polymer gel dosimetry.

4.5. Ultrasound evaluation

It was found that ultrasonic properties such as the acoustic speed of propagation, ultrasonic
absorption and ultrasonic attenuation change with radiation-induced polarization in polymer
gel dosimeters (Mather et al 2002b, 2003a). Changes in ultrasonic speed to absorbed dose
for PAG and MAGIC gel dosimeters are related to both changes in the elastic modulus on
absorbed dose and on changes in mass density. For PAG the changes in mass density with
absorbed dose were the predominant factor (Mather et al 2002a). The changes in ultrasonic
properties with absorbed dose enable the use of ultrasound imaging. The ultrasonic
absorption may be correlated with relaxation mechanisms active over a broad range of
ultrasound frequencies such as interactions between water and polymer via hydrogen
bonding and proton transfer and relaxation associated with motion of polymer side groups
(Mather et al 2003h, Crescenti et al 2007). A prototype tomographic ultrasound system is
constructed that consists of a translation and rotation table onto which the phantom is
suspended, an ultrasound transducer and a needle hydrophone (Mather and Baldock 2003).
The phantom and ultrasound components are immersed in a water bath to avoid attenuation
in air (see figure 17). Ultrasonic pulses are transmitted by the transducer and received by the
needle hydrophone. From the time difference and amplitude difference of the transmitted
and received pulses, a time-of-flight (TOF) and transmission signal can be derived. By
rotating and translating the phantom with respect to the transducer and hydrophone several
tomographic projections are obtained. From these tomographic projections, TOF and
transmission images can be produced by filtered back projection.

The image quality of the TOF image is better than that of the transmission image, although
the contrast between the unirradiated and irradiated part is higher in the transmission image.
Artifacts in the transmission image are predominantly due to an acoustic impedance
mismatch between water and gel phantom. There is much room for improvement of image
quality by matching the acoustic properties of the matching fluid, by the use of more
sophisticated acoustics components and improvements in the alignment of the system.

5. Accuracy and precision of polymer gel dosimetry

5.1. Sources of error

In the case of 3D gel dosimetry, both dosimetric and spatial accuracy and precision need to
be considered as in the final result of a gel dosimetry experiment (and any radiation
treatment), the spatial and dosimetric dimensions are interrelated. In the measured spatial
dose distribution (the result of a 3D gel dosimetry experiment), it is theoretically impossible
to extract both dosimetric and spatial errors. To encompass both spatial and dosimetric
performance in one parameter the gamma-index was introduced (Low et al 1998). The
gamma-index is defined as a metric given by the equation

7:4 (7 =72 (D-D,)

DTA2 DD, (1)

with r and r; the position vectors of a point in the experimental dose distribution and the
nearest point with the same dose value in the reference dose distribution, respectively. The
dose values at the position r in the experimental dose distribution and reference dose
distribution are given by D and Dy, respectively. The acceptance criteria in spatial position
and dose are given, respectively, by DTA, and DD,. By plotting the gamma-index on a
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pixel-by-pixel base a gamma map is obtained. Other dose distribution comparisons are
performed on the basis of maximum allowed dose differences (Jiang et al 2006).

Various sources can lead to a loss in both accuracy and precision at different levels of the
measurement process (see table 8). To evaluate the performance of a 3D gel dosimeter, the
accuracy and precision can be evaluated at different stages of the gel dosimetry experiment
(figure 18).

The prescribed dose distribution as obtained from the radiation treatment planning system
(Dpresc) is delivered by the irradiation facility (Linac, Gamma Knife, afterloader, etc) to the
gel dosimeter resulting in a delivered dose distribution (Dgejiv)- The gel dosimeter is read out
by use of a non-invasive imaging technique (MRI, optical-CT, x-ray CT, ultrasound, etc).
The result is a parametric map (Q) that reflects the absorbed dose distribution. The
parametric map displaying a physical quantity (Rq, Ry, MT, optical density, CT numbers,
speed of sound, etc) is converted to a dose map by use of a calibration curve (©(D)) that is
obtained by passing through all of the above-mentioned stages but starting with a known
dose or dose distribution (Dpresc = Dcal)

When a gel dosimetry experiment is repeated many times, there will be stochastic deviations
in both radiation output (¢(D)) and spatial errors (e(X, y, z)) that may result in both spatial
and dosimetric deviations in the resulting dose distribution. The magnitude of the
positioning deviations will depend on the robustness of the positioning operation.
Sophisticated methods to accurately position the gel dosimeters apply stereotactic frames
and fiducial markers (Meeks et al 1999). Note that any positioning error during the
irradiation of calibration phantoms may also give rise to dosimetric errors in the final dose
distribution. It has been shown that in some gel dosimeters the dose response depends on the
temperature of the gel dosimeter during irradiation and thus temperature variations may
introduce dose variations (¢(T)) (Salomons et al 2002).

The response of the gel dosimeter is susceptible to variations in different parameters during
fabrication of the gel (De Deene 2006). Differences in the temperature treatment during
(e(Ttabr)) and after (e(Tstorage)) fabrication of the gel dosimeter as well as variations in the
concentration of the chemical components (g(chemical concentrations)) may result in
differences in the dose response. Most of these deviations are compensated by using
calibration phantoms that are constructed from the same manufactured batch of gel.
However, it may be difficult to keep the temperature history after fabrication (e(Tstorage))
similar for both the gel dosimeter phantom and the calibration vials because of the
differences in phantom size (Dumas et al 2006, De Deene et al 2007a).

Upon irradiation, a complex set of radiation-induced chemical reactions take place. On a
molecular level, these reactions are stochastic in nature (g(radiochemical)). In most gel
dosimetry applications the voxel size is several orders of magnitude larger than the
molecular size. As a result, this intrinsic radiochemical noise contribution can be neglected.

After irradiation, the gel dosimeter is scanned. During scanning, detector (thermal) noise
(e(thermal)) will add to the measurements. The processing (fitting) of acquired data may
have a large influence on the amplification of the noise parameter. For example, in
quantitative R, MRI it is found that a least-square fit will amplify the thermal noise in the
base images to a larger extent than a chi-square based minimization (De Deene et al 1998b).
Imaging artifacts may result in systematic errors. Imaging artifacts can result in both
dosimetric errors and in geometrical distortions.

To convert the measured physical quantity (Ry, MT, OD, CT) to dose a calibration
procedure is performed. The calibration phantom has been subjected to the same pathway as
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the 3D gel dosimetry phantom. As a result, the calibration dose-response curve will also be
susceptible to the same error sources. After calibration, the calibration error (g(calibration))
will add to the overall dose error.

5.2. Precision

Theoretically, the overall precision of the gel dosimeter would be measured by performing a
reproducibility study of several 3D gel dosimetry experiments. Such a study would also
include inter-operator variability. Due to the infinite number of different radiation treatment
configurations, such a study is not feasible.

The overall dosimetric precision is governed by variations in the several operations that take
place in the dosimetry experiment. The first step in a gel dosimetry experiment is weighing
the chemicals. Stochastic variations in the weighing will result in variations in the measured
dose-related value (R,, MT, OD, CT) as the dose—response is determined by the chemical
composition highlighting that the calibration samples should come from the same
manufactured batch of polymer gel as the phantom. It is found that other manufacturing
conditions may also have an influence on the dose—response such as the temperature during
fabrication (De Deene 2006). Stochastic variations in the controlled temperature will
therefore also lead to variations in the measured dose-related value. Also during irradiation
there are different sources of stochastic variable contributions that determine the overall
dosimetric precision such as variations in the dose delivery, variations in the temperature
during irradiation and stochastic variations in the positioning of the calibration phantoms.
Any form of scanning of the gel dosimeter will introduce thermal detector noise. The noise
contribution is determined by some scan parameters. Often, the scan parameters can be
optimized in order to achieve an optimal parameter of precision.

The concept of dose-resolution was introduced to evaluate the intrinsic dosimetric precision
in terms of dose sensitivity and scanning signal-to-noise (SNR) (Baldock et al 2001b). The

dose resolution, written as D¥, is defined as the minimal detectable dose difference within a
given level of confidence, p. The dose resolution is related to the standard deviation on dose
op by the equation

Di=k, V2.0, (22)

with kj, the coverage factor for a coincidence interval p. For a 95% confidence level the dose

resolution becomes 035%22.77 - o, In most radiation dosimetry experiments, gel
dosimeters are used as relative dosimeters in the sense that the dosimeter is exposed to the
same treatment as the patient but with a different total radiation dose. The total dose
delivered to the dosimeter is scaled to cover the active dose range of the dosimeter. In this
context, it is preferable to use the concept of dose resolution relative to the operating dose

range, here defined as relative dose resolution D%,

DF %
D? —— A 0 _ \/E ks ——P
A% (Dmax — Diin) r (Dmax — Dmin) (23)

If the dose maps are derived from quantitative MRI-R, maps, it can be shown that the

relative dose resolution (Diq) is equal to the relative R, resolution (Ré’A%) which is defined
in a similar way:
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R
Diq:\/z.k 9% V2 -k L:RP

° P (Dax — Dmin)_ . (R2 max — R2 min) 2 A% (24)

It should be noted that dose resolution does not include stochastic variations in chemical
concentrations, in dose delivery or in the calibration procedure. For that reason, dose
resolution can be considered as an intrinsic lower limit of dosimetric precision.

It is a misconception that the dose resolution is a parameter that is only related to the gel
dosimeter formulation. Actually, the dose resolution is dependent on both the dosimeter
itself and the signal acquisition system and strategy. In some publications, the concept of
dose resolution has been used as the criterion to compare different types of gel dosimeters
for a given set of scanning parameters. It should be recalled that the conclusions may differ
if different scanning parameters were used. The concept of dose resolution however is very
practical in assisting the optimization of the MRI sequence in terms of intrinsic precision
(De Deene and Baldock 2002). In optimizing the MRI sequence, it is also important to take
into account the number of slices that are required for the 3D dosimetry application.
Depending on the MR facilities three different optimization strategies can be followed.

5.2.1. Using a single spin—echo sequence—It can be shown mathematically that if
one has only access to a single spin—echo sequence, a two-point(s) (two different echo
times) method is preferred (De Deene et al 1998b). For two given echo times, for a specific
R, value and for a signal-to-noise ratio (SNR) in the first base image, the relative dose

resolution DX, can be calculated. The SNR in the first base image is a scanner-related
parameter that depends mainly on the magnetic field strength, the receiver bandwidth, the
radio-frequency coil and to a smaller extent on the electro-magnetic properties of the
phantom and on the echo time corresponding with the first image. It is found that in this
two-point(s) approach the optimum time interval between both echo times is

(T, = T)op=1 x 10°T>.

opt (25)

This equation applies for a single value of T, or for polymer gel dosimeters with a narrow
range of T, values centered around this T, value. The optimum TE interval (and acquisition
fraction) for a broader range of T, values can be derived from tables 1 and 2 in De Deene
and Baldock (2002).

5.2.2. Using a multiple spin—echo sequence with a fixed number of echoes—
Quantitative R, images can also be calculated from different To-weighted images acquired
with a multiple-echo sequence. The quantitative R,-image is obtained by fitting a mono-
exponential decay-function to the pixel intensities of corresponding pixels in the To-
weighted images. A multiple spin—echo sequence is preferred over a single spin—echo
sequence because several differently To-weighted images are acquired within the same
measurement time increasing the overall signal-to-noise ratio in the calculated R,-images. A
multiple spin—echo sequence is available on many MRI scanners with the number of
available echoes ‘hard-coded’ in the sequence. In this case, it is advisable to optimize the TE
interval. The TE interval is defined as the time interval between the first and the last echo in
the multiple spin—echo acquisition window. The optimal TE interval can be derived (figure 9
in De Deene et al (1998b)). It is also found that the optimization also depends on the fitting
algorithm that is used to derive the R, value. For more than seven echoes and using a chi-
square minimization fitting algorithm, the optimal TE interval is approximately two times
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the T, value of the sample. To a good approximation this also applies to the median R, for a
phantom containing a range of R, values.

5.2.3. Using a multiple spin—echo sequence with an arbitrary number of
echoes—This is the optimal approach from the perspective of optimization of the
dosimetric precision when more slices are acquired. The reasoning behind this is that within
an optimal TE recording period it is preferable to acquire as many echoes as possible. To
optimize this sequence, the TE spacing is taken as short as possible without introducing any
artifacts, thereby optimizing the number of echoes. Most often, there is an upper threshold
on the available echoes in the multiple spin—echo sequence. When the recommended
(optimal) number of echoes exceeds the number of available echoes, the TE spacing is
increased to cover the optimal TE interval. Table 5 in De Deene and Baldock (2002)
provides the optimal number of echoes for a gel with a certain Ry range (R2 min, R2max)- The
number of echoes is limited by the minimal inter-echo time spacing which is determined by
machine related characteristics such as the maximum gradient strength, sampling rate and
SAR considerations. In practice, it is also advisable to check for imaging artifacts
(uniformity, dose errors and geometrical distortions) while decreasing the inter-echo time
spacing. Then, if more than one slice is acquired, the time interval between the end of the
TE recording period and the repetition time can be used to scan another slice. Above a
certain number of slices, not all slices can be recorded within the chosen repetition time. In
that case, the repetition time should be extended to cover exactly the time needed to acquire
all slices.

In order to make an equitable comparison between different imaging modalities, a parameter
of intrinsic dosimetric precision on readout (IPp) can be defined which is independent of
spatial resolution and measurement time:

1

IP,= .
! Di% “AV - Vimeas (26)

The dose-R; curve is used to calibrate the R, map. The uncertainty o, on the estimated dose
value D* extracted from the fitted linear dose-R; plot with equation R, =Ry, + a.- D is
given by

o | @ -D) 1
o =le L

o Neal 7 2 Ncal
Zizl (Di = D) (27)

with o the standard deviation on Ry in the calibration points (De Deene et al 1998b). This
value is derived from the standard deviation in a region of interest of the calibration vials
orol- If Nroy is the number of points in the region of interest, the standard deviation on the

O-R()I

calibration point is given by /N, . The value D is the mean dose of all dose values in the

—_— 1 Neale
calibration plot D:NCalc Zz‘:l Dif with D;j the dose in the calibration point with index i and
Ncal the number of calibration plots.

The square root in equation (27) is named the calibration contribution factor (CCF). The
CCF for an equally dose-spaced calibration plot is shown in figure 19.
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5.3. Accuracy

The problem in evaluating the final accuracy of the dose maps obtained in a gel dosimetry
experiment is that there is no 3D ‘gold standard’ with which to compare. The most
reasonable strategy is to compare doses obtained with gel dosimetry with doses obtained by
the “‘most reliable’ dosimetry techniques that apply to a certain spatial dimension. As such,
dose profiles of a single photon or electron field can be compared with dose profiles
obtained with an ionization chamber or diamond detector (De Deene et al 1998a, Haraldsson
et al 2000). In two dimensions, gel dosimetry can be compared with film dosimetry (De
Deene et al 1998a, 2000c, Pappas et al 2001). Most comparisons have been made with
treatment plans (Ibbott et al 1997, Oldham et al 1998, Meeks et al 1999, De Deene et al
2000c, Cosgrove et al 2000, Ramm et al 2000, Grebe et al 2001). The verification of the
treatment plan can be seen as the most important application of gel dosimetry in
radiotherapy quality assurance so far. Factors that have an influence on the accuracy are
listed in table 8. These factors can be classified in two categories: (1) dosimetric factors
cause deviations between the measured dose and the described dose and (2) spatial
deviations cause deviations in the spatial distribution of the delivered dose. In terms of the
chemical processes within the gel dosimeter, inaccuracies arise from differences in dose—
response between calibration phantoms and the dose verification phantom, from chemical
instabilities and from the loss of spatial integrity.

When the radiation is delivered, other factors may have an influence on the inaccuracy such
as a positioning error of the calibration phantom, a dose rate-dependent response, an energy-
dependent response, a temperature-dependent response, tissue non-equivalence and recipient
wall effects. During scanning, dose inaccuracies originate from the imaging voxel shape,
dose-related imaging artifacts and a scanning temperature-dependent response. Spatial
inaccuracies are attributed to a volume change of the gel dosimeter at the chemical level, a
phantom positioning error during radiation and imaging artifacts during scanning.
Controlling all these factors may largely increase the accuracy of the gel dosimetry
experiment.

Scanning a homogeneous gel phantom will reveal any non-uniformities (De Deene et al
2000c). Subsequent corrections may be applied (Lepage et al 2001e, De Deene et al 2000b).

5.3.1. Sources of dosimetric inaccuracy

Differences in dose response between calibration phantoms and the dose
verification phantom—Several groups have observed dose deviations between
calibration vials and larger phantoms originating from the same batch of gel with different
potential causes being hypothesized for this phenomenon. In a Monte Carlo study by
Michael et al (2000) it was shown that the effect of backscatter was negligible. In a recent
study by De Deene et al (2007a) it is shown that the post-manufacturing temperature history
of the gel dosimeter has a significant influence on the dose response. In many groups, the
gel dosimeter phantom and calibration vials are placed in a fridge after fabrication. As the
cooling rate of small calibration vials and a generally larger gel dosimeter phantom may
differ significantly, the dose response may be different and a systematic error may be
induced.

It was also found that dose deviations were not very reproducible. These findings point in
the direction of a physico-chemical factor during fabrication such as thermal history
(cooling rate) of the gel dosimeters after fabrication or traces of oxygen that adhere to the
wall of the containers. Typically, in test tubes (13 mm diameter), polymer gel is solid within
10 min while the polymer gel in large phantoms (3-5 I) solidifies only after several hours
when stored in the fridge. To date no external calibration has been performed with optical-
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CT. For x-ray CT an external calibration has been applied (Audet et al 2002) but the effect
on the dosimetric accuracy was not explored further.

Chemical instabilities—Two kinds of chemical instabilities have been observed in
polymer gel dosimeters (De Deene et al 2000d, 2002b). One affects the slope of the dose-R,
plot and is related to post-irradiation polymerization of the comonomer/polymer aggregates
(Lepage et al 2001e). It is observed that for PAG-type gel dosimeters, the post-irradiation
polymerization only lasts 12 h after irradiation. The other instability affects the intercept of
the dose—R, plot, lasts for up to 30 days and is related to the gelation process of gelatin. The
chemical instability depends on the polymer gel composition (De Deene et al 2002b). In
order to minimize systematic errors it is advisable to scan the gel dosimeter phantom
together with the corresponding calibration vials.

Loss of spatial integrity—Loss of spatial integrity may be a consequence of the
diffusion of the active components or oxygen in the gel dosimeter. An extreme case is the
Fricke gel in which the diffusion of ferric and ferrous ions results in a blurring of the
measured dose distribution over time (Olsson et al 1990, Harris et al 1996, Kron et al 1997,
Baldock et al 2001a). But also in polymer gel dosimeters the diffusion of monomers during
irradiation at very high dose gradients and high doses (De Deene et al 2001a) and in the first
hours after irradiation (Maryanski et al 1994b, De Deene et al 2002b) can have an influence
on the measured dose distribution. A model that describes the creation of overshoots in the
measured dose distribution near steep dose gradients and high-dose regions was introduced
(De Deene et al 2001a). The model was later extended to incorporate the combined effect of
diffusion and post-irradiation polymerization (Vergote et al 2004b). In this model, unreacted
monomer diffusing from a non-irradiated region reacts with large polymer radicals in the
irradiated region in the first hours post-irradiation.

Positioning error of the calibration phantom—A positioning error of the calibration
phantom may lead to an error in the presumed absorbed dose in the calibration phantom.
This will result in an erroneous calibration curve and will eventually result in a systematic
dose error in the dose distribution. The presumed dose to the calibration phantom is most
often the result of an independent measurement with a standard quality assurance dosimeter
(ionization chamber). Any error in the independent measurement will also contribute to the
overall error in the calibration curve.

Dose-rate-dependent dose—-response—It is seen that in certain polymer gel
dosimeters the dose—response is also dose rate dependent. This may be the result of
competing radiation-induced chemical reactions. This effect is more pronounced in a
normoxic THP-based methacrylic acid (MAc) gel dosimeter than in PAG dosimeters (De
Deene et al 2006a, Bayreder et al 2006, Karlsson et al 2007). This effect should not be
underestimated as it may lead to a depth-dependent dose—response. A dose-rate dependence
may be detrimental for a dosimeter. Nevertheless, the dose-rate dependence has not been
documented for many gel dosimeter systems.

Energy-dependent dose-response—Only a slight energy-dependence has been found
in a few polymer gel dosimeters for photon energies of 6 MV and 25 MV (Novotny et al
2001, De Deene et al 2006a). Although this may not have a strong influence on the dose
distribution obtained with external radiotherapy, it may be a concern for brachytherapy
applications. In many papers that report on brachytherapy verifications with gel dosimetry, a
dose-response calibration plot is obtained with high-energy photons. However, until now,
no extensive study has been performed to investigate independently the energy-dependence
down to these photon energies. A difference in dose-response for low-energy ionizing
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radiation as compared to the high-energy ionization will lead to a systematic dose error in
the measured dose distribution.

Temperature-dependent dose—response during radiation—It was found that in
some polymer gel dosimeters the temperature during irradiation has an influence on the
dose—response (De Deene et al 2006a). This is likely due to a temperature-dependent change
in the diffusion coefficient of the monomers in the gel matrix and a change in the chemical
reaction Kinetics.

Tissue non-equivalence—When using a dosimeter in the therapeutic energy range, the
most important parameters to consider for radiological water equivalence are the relative
electron and mass densities. For high-energy photon irradiation, most polymer gel
dosimeters can be considered as soft tissue equivalent (Keall and Baldock 1999, Venning et
al 2005¢, De Deene et al 2006a, Brown et al 2008). However, at low energies, some
deviations may occur. At low photon energies such as in 1251 and 103Pd brachytherapy, dose
corrections in the order of 5% are required. However, it is found that the required dose
corrections for polymer gel dosimeters are still an order of magnitude lower than for a LiF
TLD detector-solid water phantom (Pantelis et al 2004).

Recipient wall-effects—To avoid permeation of oxygen through the recipient’s wall,
Barex® (Baldock et al 1996) or glass are often used as phantom materials. It should be noted
that some glass may contain heavy metals. These specific glass materials may result in a
stronger attenuation of the incident beam and may also result in beam hardening (Michael et
al 2000). Some caution is therefore advised in selecting cast materials.

Imaging voxel shape—The dose-related parametric map is constituted of 3D voxels. The
signal that is plotted in these voxels originates from a set of measurements. In most
measurements, there are also outer-voxel signal contributions (figure 20).

The voxel shape is also defined through the point-spread-function (PSF). The convolution of
the point-spread-function with the theoretical (block shaped) voxel gives the voxel shape. In
MR, the voxel shape is determined by the receiver bandwidth and the slice profile which is
determined by the radiofrequency pulse envelope (De Deene 2004a). The imaging voxel
shape is very important if it comes to high-resolution applications such as with point sources
in brachytherapy and high-LET irradiation.

Dosimetric imaging artifacts—Imaging artifacts may degrade the dose value in each
voxel. Dosimetric imaging artifacts can be machine-related or object-related. Machine-
related artifacts originate from imperfections in the scanning device while object-related
artifacts originate from the dosimeter itself. The most-important machine-related MRI
artifacts are attributed to eddy currents, stimulated echoes, B4 field inhomogeneity,
imperfect slice profiles and standing waves (figure 21).

These machine-related artifacts may depend on the dosimeter shape and make it difficult to
make general statements on the accuracy of the dosimeter. A larger phantom or a phantom
with sharp edges may perform differently than a smaller cylindrical or spherical shaped
phantom. Standing waves can severely deteriorate the dose distribution in dosimeters with
specific shapes and spatial dimensions but may be almost completely absent if the dosimeter
phantom has a slightly different shape. Object-related MRI artifacts are mainly attributed to
a temperature drift during scanning or molecular self-diffusion. For a more detailed
overview of different MRI artifacts and compensation strategies we refer to the DOSGEL
2004 proceedings (De Deene 2004a).
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In optical-CT, dosimetric artifacts are related to reflection and absorption by the recipient

walls, inhomogenities in refractive index, off-axis positioning of the recipient, variation of
the laser output and photo-detector and light scattering by both impurities in the matching

fluid, container and by the polymer (Oldham and Kim 2004, Xu and Wuu 2004, Bosi et al
2007, 2009a) (figure 13).

In x-ray CT imaging, dosimetric artifacts may originate from ring and beam hardening of the
containers (Hilts et al 2000). Many dosimetric imaging artifacts in x-ray CT can be
compensated by image subtraction.

Scanning temperature-dependent response—It has been shown that the NMR spin-
spin relaxation rate (R,) of polymer gel dosimeters is temperature dependent. Temperature
coefficients of the Ro—dose response have been published for PAG dosimeters (Maryanski et
al 1997, De Deene et al 1998a), for acrylic acid based gel dosimeters (Spevacek et al 2001)
and for methacrylic acid based normoxic gel dosimeters (De Deene et al 2006a). The
temperature coefficient of the x-ray CT dose sensitivity was found to be 4 x 1073 H Gy 1
°C~1 or 0.5% °C~1. While it can be expected that the temperature dependence of the optical
properties of 3D dosimeters and other NMR properties such as magnetization transfer is not
as high as for Ry, no temperature coefficients have been communicated so far.

5.3.2. Sources of spatial inaccuracy. Volumetric changes of the gel

dosimeter

Upon gelling, the polymer gel dosimeter may contract which may result in a physical
geometrical deformation. However, until now, no significant contraction has been reported
that would lead to measurable deformations of the dose distribution. Upon irradiation, some
additional contraction may be expected as an increase in density has been reported for
different polymer gel dosimeters (Trapp et al 2001a, 2001b, Hilts et al 2004).

Phantom positioning error

Any deviation in the position of the phantom with respect to the presumed position will lead
to both a dose error and a geometrical error in the dose distribution. The positioning error
can be minimized by using special registration devices such as stereotactic frames (Ibbott et
al 1997, Grebe et al 2001) and an infrared light-emitting diode optical tracking system
(Meeks et al 1999).

Imaging artifacts that cause spatial deformations

Imaging artifacts may also deform the image space. In MRI, geometrical distortions
originate from deviations in the magnetic field distribution of the scanner during excitation
or signal acquisition. These deviations in the magnetic field may arise from machine related
sources such as eddy currents, main magnetic field inhomogeneities and gradient
nonlinearity and from phantom related sources such as susceptibility differences and
chemical shifts (De Deene 2004a). Different strategies have been proposed to compensate
for these artifacts (see De Deene 2004a and references herein).

6. Applications of polymer gel dosimetry

The aim of gel dosimetry in clinical practice is to provide an integrated dose distribution in
3D in anthropomorphic phantoms. To date, however, gel dosimetry has been a rather time-
consuming technology that requires several actions from the medical physicist.
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The complete process of a polymer gel dosimetry experiment may take upward of 45 h
(table 9).

With the use of an anti-oxidant the fabrication time is approximately 1 h. After fabrication,
the volumetric gel phantom and calibration samples have to be cooled to room temperature
slowly in order to obtain the same dose response for both volumetric gel phantom and
calibration tubes. The gels should be stored in a large water reservoir for approximately 20
h. It can be expected that this time can be reduced by use of a controlled cooling system and
by the use of other chemical compositions. The actual irradiation of the gel dosimeter takes
about 1 h and includes setting up the irradiation experiment and irradiation of both the
volumetric gel phantoms and calibration tubes. In order to stabilize the post-irradiation
polymerization process a period of 10 h should be left between irradiation and scanning.
When MRI is used to read out the gels, the gel phantoms should be stored in the scanner
room so that the gel phantom temperature also equilibrates to the scanner temperature. The
MRI scanning period for a complete 3D dosimetry experiment is strongly dependent on the
required spatial resolution and dosimetric precision but is typically in the order of 10 h. In
order to compensate for temporal chemical instability during scanning, calibration vials and
volumetric gel dosimeter phantom should be scanned together. It is difficult to provide data
for optical and x-ray CT scanning as no thorough comparison has been made with MRI for
comparable resolution and SNR to date. A qualitative comparison was made of optical-CT
to MRI (Oldham et al 2001), however, as the MRI pulse sequence used was not optimized,
useful comparative conclusions are limited. Depending on the purpose of the gel dosimetry
experiment, the post-processing step takes from 1 to 5 h. A first step in the post-processing
is the extraction of the dose—response curve obtained from the calibration phantoms and
calibrating toward a 3D dose distribution. Eventually, the 3D gel dose distribution can be
compared with dose distributions obtained with other dosimetry techniques.

Further research in gel composition and further optimization in cooling may help in reducing
the storage times significantly.

6.1. Conformal radiotherapy

Because of the relatively long processing time to acquire a 3D dose distribution and high
cost, gel dosimetry should not be considered as a routine dosimeter to check all conformal
radiotherapy patient treatments. However, gel dosimetry should be used as a dosimetric tool
to verify dose distributions obtained with treatment planning of class solutions (De Wagter
2004).

When enough correspondence is obtained between the experimentally obtained gel dose
distribution and the treatment planning dose distribution, there is confidence that the
computed dose distribution reflects the actual dose distribution. For IMRT treatment
verification, gel dosimetry should be used initially with subsequent use of other dosimetry
techniques in cases where non-acceptable discrepancies are found (figure 22).

Gel dosimetry is considered to have an important role in benchmarking the performance of
new treatment techniques and in the regular QA of IMRT (Schreiner 2006). There are three
major motivations to use gel dosimetry for regular QA (De Deene 2002). First, there is the
possibility of discrepancies between calculated dose distributions and actual given dose as
not all scatter contributions may be taken into account in the computation algorithm or the
shape and output factors of small beams may differ substantially from the calculated ones.
Second is that machine failures or drifts may not always be picked up by conventional 1D or
2D dosimeters. Third is that gel dosimetry can provide information on setup errors. The gel
dosimeter goes through every stage of the IMRT treatment in the same way as the patient.
The phantom may be scanned before treatment, the images are read into the computer
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planning computer and the planning is performed on the phantom. Fiducial positioning
markers and isocenter lines may be put on the phantom beforehand. After treatment, the
calculated dose maps are compared to the gel derived dose maps. The sensitivity of a
treatment to positioning errors can also be investigated by gel dosimetry. In that respect,
organ movements during treatment can be simulated (Mansson et al 2006).

Preliminary studies comparing gel dose distributions of conformal radiotherapy treatments
with dose maps obtained with other dosimetry techniques have revealed average dose
deviations of more than 10% relative to the maximum dose in low-dose regions (Ibbott et al
1997, Oldham et al 1998, De Deene et al 1998a, Cosgrove et al 2000). It should be noted
that a comparison of published feasibility studies is limited by different authors using
different quantities to evaluate the performance of polymer gel dosimeters (see table 10).
Also the investigated volume and spatial resolution differs significantly amongst different
studies. It has to be recognized that although gel dosimetry has been promoted as a 3D
method to acquire dose distributions, most of the early studies showed only 2D dose maps
(at most in three orthogonal planes). The first experimental study in which more than 20 gel
dose maps have been acquired was performed by De Deene et al (2000c). In this study, each
gel dosimetry acquired dose map was compared with dose maps obtained in a stack of
radiographic film and with the dose distribution calculated with treatment planning software.

Structural and stochastic root-mean-square differences (RMSD) between gel measured dose
maps and corresponding 2D film measured dose maps of the same experiment are shown in
figure 23. It is noted that the largest deviations are seen in regions where dose gradients in
the slice recording direction (perpendicular to the image plane) are highest. The stochastic
deviations are mainly attributed to noise in the gel measured dose maps and are independent
of slice position.

Slightly higher structural RMSD between gel measured dose maps and corresponding
treatment planning slices (in the order of 5%) were found in a later study of a dose
verification of an intensity-modulated arc therapy (IMAT) treatment (Vergote et al 2004b).
In this study, a much larger volumetric gel phantom was scanned and rf field non-uniformity
corrections were applied.

The large deviations encountered in these preliminary studies have been attributed to a
variety of factors. With the anoxic polymer gel dosimeters that were used in these studies,
oxygen was expelled during fabrication by bubbling nitrogen through the solution. Residues
of oxygen in the gel will result in an inhibition in the low-dose region. Also the phantom
cast material should be impermeable to oxygen. A study on the oxygen permeability of
different materials that can be heat folded to obtain an anthropomorphic shaped cast showed
that Barex® had the best characteristics (Bonnett et al 1999). Also the inlets and outlets of
the phantom should be sealed properly. When fabricating the cast of the phantom special
attention has to be paid to the choice of the glue to join different parts together as some
glues may initiate polymerization in the gel (Oldham et al 1998). To some extent the
deviations seen in the early studies were also attributed to MRI artifacts such as
susceptibility artifacts (Ibbott et al 1997, Oldham et al 1998) and B, field inhomogeneities
(De Deene et al 2000b, Ertl et al 2000). Several MR imaging artifacts have been isolated
and investigated quantitatively and compensation strategies have been proposed (De Deene
et al 2000a, 2000b, 2001a, De Deene and De Wagter 2001, Lepage et al 2001b). Also,
chemical instabilities were not recognized and quantified until 2000 (De Deene et al 2000d).
Compensation of all these error contributions has resulted in far better outcomes. Further
optimization of imaging sequence parameters has also aided in acquiring 3D dose
distributions within a feasible time span (Vergote et al 2003, 2004a, Duthoy et al 2003,
2004, Gustavsson et al 2003, Sandilos et al 2004, Papagiannis et al 2005, Karaiskos et al
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2005). An example of a large volume dose verification gel dosimetry experiment is shown in
figure 24.

The effect of air cavities on the dose distribution after conformal radiation treatment has also
been investigated (Vergote et al 2003).

6.2. Brachytherapy

That gel dosimetry is able to visualize steep dose gradients in 3D makes it very attractive for
acquiring the dose distributions of brachytherapy sources obtained with both low dose rate
(LDR) and high dose rate sources (HDR) (see table 8). Moreover, gel dosimeters integrate
the dose delivery over time so that the total dose distribution from a moving source can be
measured. Different types of sources have been evaluated. An example of a polymer gel
dosimetry experiment of an intravascular radiation treatment is shown in figure 25.

Although polymer gel dosimetry has been perceived as a suitable dosimeter for dose
verification in brachytherapy, some additional difficulties may be encountered that are
related to the insertion of applicators or catheters into the polymer gel. Significant dose
deviations near the catheter wall have been noted (McJury et al 1999, Hurley et al 2003). In
polymer gel dosimeters, oxygen diffusion through the wall of the cavity may contaminate
the gel and result in an underestimation of absorbed dose (Farajollahi et al 1999). The
inhibition of oxygen passing through the catheter wall of a HDR 192Ir source has been
analyzed quantitatively by De Deene et al (2001a). Other sources of dose deviations related
to the high dose gradients encountered with HDR point sources and measured with MRI
have also been established. The influence of magnetic field distortions related to magnetic
susceptibility differences between the gel and catheter has been studied extensively and
compensation strategies have been proposed (De Deene et al 2001a). A mathematical model
for diffusion of monomers during irradiation resulting in loss of spatial integrity has been
established and the influence of partial volume effects was also investigated (De Deene et al
2001a). For some applications such as endovascular brachytherapy and  emitters, sub-
millimeter dose maps are required. With MRI, an increase in image resolution is
accomplished by using stronger imaging magnetic field gradients. It is found that the
measured R, becomes dependent on the image resolution as a result of molecular self-
diffusion of water within these magnetic field gradients (Hurley et al 2003). Therefore much
attention should be paid to the calibration procedure. It should be noted that until now, the
energy dependence for low energies and other radiation sources has not been experimentally
verified.

6.3. High LET particle irradiation

The very sharp delivery of dose in the absence of exit dose and minimum lateral scattering
has increased the interest for using hadrons for radiation treatment. The sharp dose
distributions encountered with hadron treatments requires a 3D dose verification method.
Several attempts have been made to use polymer gel dosimetry for measuring three
dimensional dose distributions of proton (Heufelder et al 2003, Gustavsson et al 2004) and
heavy ion beams (Ramm et al 2000). However, in all studies it was found that the dose
sensitivity for protons or heavy ions was significantly smaller than for high-energy photons.
Theoretical track structure calculations and FT Raman spectroscopic measurements have
been used to calculate the effect of LET on the dose response in proton beams (Jirasek and
Duzenli 2002). It was found that the gel effectiveness decreases with increasing proton LET
(figure 26).

The decreased sensitivity of polymer gels close to the proton track may be attributed to a
larger density of polymer radical chains that favors a faster termination of the
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polymerization reactions. Alternatively, at high LET, radical recombination leads to the
formation of molecular products (e.g. H,O,), decreasing the amount of radicals that can
inititate a polymerization reaction. In order to describe the difference in dose response of the
gel dosimeter for hadrons as compared to photons, the property ‘relative effectiveness’ (RE)
is introduced. The RE is defined as the ratio of hadron to x-ray dose sensitivity of the
dosimeter. As the LET is not constant along the particle track, the dose sensitivity becomes
depth dependent (Jirasek and Duzenli 2002, Heufelder et al 2003, Gustavsson et al 2004).
An increase in dose sensitivity was found for increasing projectile energies of 12C6* ion
energies in both BANG-1(tm) and BANG-3(tm) polymer gel dosimeters in accordance with
a decrease in LET for increasing projectile energies (Ramm et al 2000).

6.4. Boron neutron capture therapy (BNCT)

In BNCT boron-10 is administered and accumulated in the tumor by a tumor-specific boron
carrier. Subsequently, the tumor and surrounding tissues are irradiated with epithermal
neutrons. Neutrons undergo a nuclear reaction with boron with the formation of “Li and an
alpha particle. Also some gamma-radiation (480 keV) is released. Neutrons may also
interact with other atoms present in the subject. Farajollahi et al (2000) showed an increase
in dose response in a PAG doped with boron as compared to an undoped PAG. The trend
was found to be in accordance with Monte Carlo calculations. Monte Carlo simulations were
also performed to investigate the dose contributions from different particles in a neutron
beam (Wojnecki and Green 2001). From this study, it is concluded that PAG provides a
good simulation of radiation transport in the brain and is very similar to water. In a study of
the relative dose—response of BANG-3 polymer gel dosimeters in epithermal neutron
irradiation, a good correspondence was found between the measured dose distribution and
the calculated dose distribution obtained with a two-dimensional discrete ordinate radiation
transport code (DORT) (Uusi-Simola et al 2003). This demonstrates that for the BANG-3
polymer gel, there is no significant change in dose sensitivity due to differences in LET that
may occur in this epithermal neutron beam. A fair correspondence was also found between
the gel measured and the Monte Carlo calculated dose distribution for a MAGIC-type
polymer gel (Uusi-Simola et al 2007) (figure 27).

6.5. Radionuclide dosimetry

Polymer gel dosimetry experiments have been undertaken to investigate the dosimetry of
unsealed therapy radionuclides 1-131 (Courbon et al 2006, Gear et al 2007) and P-32 (Gear
et al 2006) and the unsealed diagnostic radionuclide Tc-99 m (Braun et al 2007, 2009). The
use of polymer gels has shown promise with the potential for measurement of non-uniform
uptake of therapy and diagnostic radionuclides in normoxic polymer gel dosimeters.

6.6. Diagnostic dosimetry

Polymer gel dosimetry has been evaluated for measuring quality assurance parameters of
diagnostic CT scanners with respect to the exposure of patient dose (figure 28) (Hill et al
2005b, 2008, Sarabipour et al 2006). Important parameters that can be extracted from a
polymer gel dosimetry experiment are the computer tomography dose index (CTDI) and the
slice width dose profile (SWDP). The CTDI is defined as the integral of the dose profile
(D(2)) along a line perpendicular to the tomographic plane divided by the product of the
nominal tomographic section thickness (T) and the number of tomograms (n) produced in a
single axial scan:

50 mm

1
CTDIIQOZ—f D(:) dx.
nTJ _s0mm (28)
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The SWDP cannot be measured by an ionization chamber but is usually measured with
either thermoluminescent dosimetry (TLD) or film. Gel dosimetry enables the recording of
the whole 3D dose distribution and can be performed in an anthropomorphic phantom. This
is particularly important for helical CT scanners.

7. Summary of previous criticisms of gel dosimetry and their rebuttals

In a previous review paper in this journal, MacDougall et al (2002) employed a ‘systematic
review’ technique to assess the complete body of literature on gel dosimetry found by the
authors. Their conclusion was that ‘there [was] only sparse, or absent, evidence of sufficient
quality for the accuracy and precision parameters for polymer and Fricke gels’. This
assessment on the then state-of-the-art was strongly disputed by inter alia two of the authors
of this article (De Deene et al 2003, Baldock 2009) for the following reasons.

i.  Whilst a systematic review to answer a very tightly defined set of questions is a
laudable objective in a mature field, the exclusion criteria laid down by McDougall
et al were so restrictive that, for example, of the 115 gel dosimetry references
found, only one prior publication was allowed to contribute to their conclusion on
accuracy.

ii. The ‘ultra-focused’ questions being asked were not useful ones, with the evaluation
criteria being unsuitable for 3D dosimeters.

iii. The exclusion criteria were not appropriate, requiring, for example, comparison to
be made with an ionization chamber for the publication to be admissible. For many
of the scenarios in which gel dosimetry is most useful, an ionization chamber does
not produce data of acceptable accuracy.

iv. The analysis of the literature was incomplete, with numerous examples missed by
the authors. Perhaps the inclusion of experts in polymer gel dosimetry should have
been considered.

v. Given the strictly limited nature of the assessment, the conclusion quoted above
was poorly worded and could too easily have been taken out of context to apply to
the field of gel dosimetry as a whole.

3D radiation dosimetry is an example of an area that requires considerable experience in
three separate fields: polymer chemistry, radiation physics and the quantitative use of an
imaging technique such as MRI or optical-CT. There are thus significant pitfalls in sample
preparation and handling, in the design of the irradiation and experimental protocols and in
the analysis of quantitative data. In some publications, there have been large deviations
between the dose distributions measured by gels and the results of film or the planning
system. We emphasize that it is necessary before reporting such results to ensure that the
optimum 3D dosimetry protocol has been followed. This might include, for example,

i. taking appropriate precautions against oxygen inhibition;

ii. monitoring or controlling the temperature at which irradiation, post-irradiation
polymerization and scanning take place, then making appropriate corrections;

iii. performing any calibration in an appropriate sized vessel and being generally aware
of vessel size and vessel wall effects;

iv. controlling for dose-rate or fractionation-dependent effects;

v. if using MRI as a readout, employing the optimal measurement sequence—for
example, when a single slice is required, a 32-echo sequence can give five times the
signal-to-noise of a single-echo sequence;
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vi. if using MRI, being aware of the potential sources of systematic error: geometric
distortions, eddy currents, stimulated echoes, B4 field inhomogeneities and
molecular diffusion and the consequences that these have on quantitative
measurements;

vii. if using optical-CT, understanding the origins and required corrections for ring,
container wall and refractive index inhomogeneity artifacts;

viii. using the correct functional form to fit calibration curves (normally a mono- or bi-
exponential curve not a polynomial, which will have inappropriate behavior
extrapolated outside its region of support) based on the underpinning physical
model of reaction kinetics;

iX. use of the gamma function (Low and Dempsey 2003) only where relevant clinically
and then only as an adjunct to the presentation of simple dose difference and
distance-to-agreement maps.

8. Conclusions and future perspectives

The ultimate goal of polymer gel dosimetry is to verify radiation dose distributions in 3D.
The major challenge in gel dosimetry is to achieve a spatial and dose accuracy and precision
that satisfy the requirements for 3D dose verification of radiation treatments that are
performed in the radiation hospital. As there exists no other experimental 3D dosimeter that
can serve as a ‘gold standard’, a measure for both the spatial and dose accuracy is difficult to
define. In addition, as a 3D dosimeter, gel dosimeters have to accomplish specific dosimetric
requirements in terms of stability, spatial integrity, temperature insensitivity, dose rate and
energy independence and tissue equivalence.

Research in the field of polymer gel dosimetry covers many different aspects. Several
studies have been conducted on the chemistry of the polymer gel and different gel
compositions have been proposed. A better understanding of the physical and chemical
interactions within the polymer gel dosimeter can help in optimizing the composition to
obtain a gel that fulfills the dosimetric criteria and achieves high dose sensitivity. Research
in the field of gel dosimetry includes also the development and optimization of quantitative
scan techniques. The most promising scan techniques are magnetic resonance imaging and
x-ray and optical computerized tomography. For different scan techniques, different optimal
gel dosimeters can be found. Optimal gel systems for magnetic resonance imaging display a
significant change in NMR relaxation time or magnetization transfer. For x-ray CT, the dose
sensitivity is determined by the density change.

Polymer non-gel dosimeters containing radiation sensitive dyes may be more suitable for
optical imaging than polymer gel dosimeters as the latter are characterized by a high amount
of light scatter which may deteriorate the measured optical density (Adamovics and
Maryanski 2006, Sakhalkar and Oldham 2008, Brown et al 2008). These dosimeters
however are not suitable for imaging with either MRI or x-ray CT.

Currently, research is conducted to make gel dosimetry more user-friendly and less toxic.
Specific MRI QA protocols can help in benchmarking the accuracy of MR imaging
sequences. Optical-CT techniques and x-ray CT scanning are becoming an interesting
alternative for the less cost-effective and less accessible NMR readout technique. The
authors emphasize the importance of determining the overall accuracy of the total 3D
dosimetry technique including both the gel dosimeter and the readout system. Each gel
dosimeter should meet a series of dosimetric properties such as stability, spatial integrity,
temperature insensitivity, dose rate and energy independence and tissue equivalence.
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B G

Figure 1.

Gel dosimetry involves three major steps in order to obtain a dose distribution: (a) after
fabrication the gel is poured into an (antropomorphically shaped) cast and into calibration
vials; (b) the phantom is irradiated with a specific dose distribution and calibration samples
are irradiated to known doses; (c) the irradiated gel dosimeter phantoms are scanned with an
appropriate and optimized scanning technique (magnetic resonance imaging (MRI), optical
computerized tomography (optical-CT), x-ray computerized tomography (x-ray CT) or
ultrasound; (d) finally the data are used to produce an image of the irradiated dose
distribution.
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Figure 2.
Radiation-induced radiolysis of water by high-energy x-rays occurs in ‘spurs’ (a). The

radiolytic products diffuse from the site of creation while recombination processes take
place (De Deene 2004b). Reproduced with permission.
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Figure 3.

Consumption of AAm and Bis in a PAG as measured by Raman spectroscopy (Baldock et al

1998b). Reproduced with permission.
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Figure 4.

Dose—R2 response of both a (6%T/50%C) PAG and a corresponding AAm/Bis aqueous
solution (APA). The dashed line corresponds to a spin—compartment model in the fast-
exchange limit (Babic and Schreiner 2006). Reproduced with permission.

Phys Med Biol. Author manuscript; available in PMC 2011 February 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Baldock et al.

Page 52

Figure 5.
Representation of the microscopic structure of an unirradiated (6%T/50%C) polymer gel
based on stoichiometric calculations.
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Figure 6.

Progression in polymer structure as a function of initial crosslinker concentration: (a) a gel
solely composed of monomer (AAm). Long, linear chains are formed with no crosslinks; (b)
gel composed of low initial Bis fraction. The predominant gel formation is an ordered,
crosslinked network; (c) gel composed of high initial Bis fraction. Gels begin to form a
larger number of knots; (d) a gel composed solely of crosslinker (Bis). The predominant
structures are knots, loops and doublets which together form beads (Jirasek and Duzenli
2001b). Reproduced with permission.
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Figure 7.
Construction of an R2- and dose-images using a two points single spin—echo sequence (De

Deene et al 1998b). Reproduced with permission.
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Construction of R2- and dose-images using a multiple spin—echo sequence (De Deene et al

1998b). Reproduced with permission.
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Figure 9.

(@) Principle of magnetization transfer imaging. The polymer proton pool has a short T2 and
thus covers a broader frequency line shape than the free water proton pool. By use of off-
resonance saturation rf pulses part of the polymer protons is saturated. Because of
magnetization transfer, polymer protons are exchanged with the water protons resulting in a
decrease in longitudinal magnetization. (b) The observed relative signal decrease (MTR) is
due to both direct saturation of the water protons (Mdir) and to magnetization transfer
between the water proton pool and the polymer proton pool (MMT) (De Deene et al 2006a).
Reproduced with permission.
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Figure 10.

(a) Dose response of a polymer gel, as derived from an imaging measurement (Wuu and Xu
2006); (b) Optical density of a polymer gel at a variety of doses, demonstrating the lack of
absorption bands (Maryanski et al 1996). Reproduced with permission.
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Figure 11.

Schematic diagram of the different types of optical CT scanners: (a) first-generation laser
system (Gore et al 1996); (b) fast laser scanner (Krstajic et al 2007); (c) cone-beam CCD
scanner (Wolodzko et al 1999); (d) parallel-beam CCD scanner (Krstajic et al 2006).
Reproduced with permission.
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Figure 12.

Examples of optical CT imaging using a laser system: (a) comparison of dose distributions
in the central axial plane, with isodose lines at 40%, 60%, 100% and 115%, from treatment
planning calculations (red), gel measurement (blue) and EDR2 measurements (green) (Wuu
and Xu 2006); (b) same phantom as (a), results from sagittal plane 2 cm left of central plane.
Reproduced with permission.
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Figure 13.

Examples of the effect of scatter in optical CT imaging: (a) square field image with diagonal
cross artifact and (b) gamma map highlighting cross artifact (Islam et al 2003); (c) rendered
optical CT image of a “funnel phantom’ and (d) profiles of reconstructed optical density
across funnel phantom, showing both under- and over-estimation of the parameter (Bosi et
al 2007, 2009b). Reproduced with permission.

Phys Med Biol. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Baldock et al.

Page 61

Figure 14.

(a) X-ray CT images of PAG irradiated with four 3 x 3 cm? 10 MV photon beams (doses in
Gy at the depth of maximum dose) (a)-(c) and parallel opposed, 2 cm diameter, circular 6
MV photon beams (d). A preliminary CT image is shown in (a) and a noise reduced (by
averaging) CT image in (b). Note the ring and beam hardening artifacts in (b). Images in (c)
and (d) are the optimized images resulting from image averaging and background
subtraction with the images acquired from an unirradiated blank gel. The dose profile along
the axis of the 6 Gy beam path corresponding to the dose image of (c) is shown in (e) in
comparison with a profile obtained in an MR acquired dose image (Hilts et al 2000).
Reproduced with permission.
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(a) Density of PAG as a function of dose. (b) Linear attenuation coefficient () of PAG as a

function of density (Trapp et al 2002). Reproduced with permission.
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Figure 16.

Adapative mean filtering (K = 11, n = 2) for synthetic ‘gel’ image (conformal prostate). (a)
Noise free image with filtered image contour overlay, (b) profiles through noise-free,
filtered and unfiltered images, and (c) dose area histograms of noise-free, filtered and
unfiltered images (Hilts and Jirasek 2008). Reproduced with permission.
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Figure 17.

(a) Ultrasound tomography system. Transmission (b) and time-of-flight image (c) of a PAG
irradiated with a 4 x 4 cm? square photon beam. Scan lines are acquired at a translational
resolution of 1 mm and a rotational resolution of 2° with a total rotation of 360°. The
reconstructed image resolution was 1.45 x 1.45 mm? (Mather and Baldock 2003).
Reproduced with permission.
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Figure 18.

Gel dosimetry is performed in different stages. At each stage errors can add, leading to a
decrease in the overall precision and accuracy (De Deene 2006). Reproduced with
permission.
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Figure 19.

The calibration contribution factor (CCF) as a function of dose for various numbers of
calibration points (N¢g). The values on the abscissa are relative to the maximum dose Dyax
in the calibration plot (De Deene et al 1998b). Reproduced with permission.
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Figure 20.
Schematic representation of an ideal voxel shape without any outer voxel contribution (left)
and an actual voxel with spread of signal to neighboring voxels.
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Figure 21.

B1 field map (effective flip angle) acquired with the body coil (a) and with the head coil (d).
R2 images of a blank unirradiated polymer gel dosimeter acquired with the body coil and
head coil are shown in (c) and (f) showing the effect of the inhomogeneous B1 field for the
head coil. The field-of-view (FOV) is 320 x 320 mmZ. Corresponding longitudinal profiles
through the center are also shown (b and e). The plot in figure (g) gives the relation between
the change in R2 and the flip angle for a nominal flip angle of 90° (De Deene et al 2000Db).
Reproduced with permission.
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Figure 22.

(a) Top-down model of dosimetric quality assurance (QA) in intensity-modulated
radiotherapy. In the conceptual pyramid, each level of QA is based on the stability of the
underlying levels. The two lower levels can be part of period equipment QA. For QA of a
clinical class solution, one may start at the top by applying 3D dosimetry of an entire
treatment. One descends the pyramid to the lower levels if the 3D dosimetry reveals
intolerable discrepancies with treatment planning. (b) Methodology and tools appropriate for
each of the levels. EPID stands for “electronic portal imaging’ (De Wagter et al 2004).
Reproduced with permission.
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Figure 23.

(a) Stack of corresponding dose maps obtained by three different dosimetry techniques: gel
dosimetry, film dosimetry and computer planning. (b) Color-washed difference images
superimposed onto anatomical CT-images. (c) Mean structural root-mean-square difference
(closed symbols) and stochastic root-mean-square difference (open symbols) in
corresponding dose maps obtained with gel dosimetry and film dosimetry (De Deene et al
2000c). Reproduced with permission.
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Figure 24.

Dose verification of an IMAT treatment using polymer gel dosimetry. (a) A 10 | Barex cast
was filled with PAG. At each side of the phantom, three slices of the anthropomorphic
Rando phantom were added in the cranio-caudal direction to obtain full scatter conditions.
Dose distributions in the middle transverse plane of the phantom as calculated with a
collapsed cone convolution/superposition algorithm (b) and measured with polymer gel
dosimetry (c). Corresponding dose—volume histograms for PTV, liver and kidneys are also
shown (d) (Duthoy et al 2003). Reproduced with permission.
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Figure 25.

(a) PAG irradiated after irradiation with a source consisting of a train of 16 90Sr/90Y pellets
inserted in glass (left) and Barex tubes (right). (b) Axial R2 image with an in-plane
resolution of 0.2 mm. (c) Relative dose profiles obtained with polymer gel dosimetry and
two different radiochromic films. (d) The longitudinal R2 image (Amin et al 2003).
Reproduced with permission.
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Figure 26.

The variation in LET as a function of depth for a 133 MeV proton beam (dashed curve, left-
hand side) and the measured relative sensitivity normalized to the measured dose at a depth
of 60 mm (solid curve, right-hand side). Also shown is the corresponding depth—dose curve
normalized to 100% at the Bragg peak (Gustavsson et al 2004). Reproduced with
permission.
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(a) Neutron irradiation setup: the epithermal neutron beam is incident from the left through a
circular beam aperture (A); cylindrical gel phantom (B) is inserted into a cylindrical
extension (C) of the water phantom (D); (b) calculated (solid line) and measured (dashed
line) isodoses (10% intervals, starting from the 90% isodose) in the central cross-section of
the cylindrical gel phantom. Also shown are two axial cross-sections (Uusi-Simola et al
2007).
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Figure 28.

(a) Water phantom with a normoxic polymer gel dosimeter centrally positioned for
diagnostic CT-dose profiles and CTDI determination; (b) normoxic polymer gel dosimeter
phantoms; (c) corresponding R2 image after exposure to x-rays from a CT scanner. The
accumulated dose is from 50 accumulated single transaxial CT slices for 8 and 5 2020 mm
slice widths (140 kVp, 400 mAs) (Hill et al 2005b). Reproduced with permission.
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Initiation reaction rate constants, k;, for different monomers that are used in gel dosimeters (in | mol=1 s71).

The letters a—d give the reference in which the value is quoted.

Monomer €sq OH* He
AAM 22x100(@) 59x109(@  3.1x10w0 ()
Bis 28x1000(0) 7 (€ 2(0)

Acrylic acid 24x100(@ 15x10°@ 33x10°(@)

Methacrylic acid

Hydroxyethylacrylate

N-Vinylpirolidone

1.9 x 1010 ()
7.5 x 1010 (€)

1.6 x 1010 (3)

Poly(ethyl glycol) diacrylate 1 7 x 1g10 (d)

1.1 x 1010 (¢)
7.3x10° (@)

3.0x 1010 (d)

@
(b)
©
(d
®©

Buxton et al (1988),

Panajkar et al (1995),

Safrani and Wojnarovits (1993),

Kozicki et al (2002),

Kozicki et al (2003).
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Rate constants for the propagation of various vinyl monomers in agueous solution (in | mol™ s71). The letters
a—b give the reference in which the value is quoted.

Monomer kp (I mol=ts™2)
AAM 2x 104 (@)
Bis 6 x 106 (D)
Acrylic acid 1x10% @
Methacrylic acid 1x 103 (@)

Hydroxyethylacrylate

N-Vinylpirolidone

Poly(ethyl glycol) diacrylate -

@
(b)

Brandrup et al (1999),

Panajkar et al (1995).
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MRI dose sensitivity of different gel dosimeters (from Lepage et al (2001a)).
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8R,/8D Functional
D12(Gy) (siGy™?) RosarRzo (57%)  group
55 (x0.1) 0.33 (x0.1) 4.2 (+0.4) 0
—E—m,
Acrylic acid (AAc) 31.2(+0.1)  0.358 (0.006) 10.6 (+0.4) 0
—t—oH
Methacrylic acid (Mac) 12.5(+0.1) 1.19 (+0.05) 18.4 (+0.4)

0

|
— L — OH

CH,

1-Vinyl-2-pyrrolidone (VP) 23.6 (+0.1) 0.082 (+0.004) 13.7 (x0.4) é_)
N7T0

2-Hydroxyethyl-acrylate (HEA) 55(x0.1) 0.498 (+0.003) 42 (x0.4) 0
I

— C — DCH,CH,0H

2-Hydroxyethyl-methacrylate (HEMA) 41.6 (x0.1)  0.046 (+0.002) 49 (x0.4)

CH,

N-Iso-propylacrylamide (NIPAM)/Bis (Bis) 20 (#0.1) 0.14 (x0.01) 5.2 (£0.4) o}

0

1]
C — OCH,CH,0H

—C—NH—HC—CH;

CHy
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Table 6

Factors affecting CT image noise (Hilts 2006).

Factors affecting image noise (symbol)  Relationship with image noise (6NcT)

Phantom diameter (d)
Tube voltage (kV)
Tube current (mA)

Slice scan time (mA)

oNcT & ed
oNer o (kv) 14
oNgr o (MA) 05

oNcT & §705

Number of averages (NAX) oNcr o (NAX) 05

Pixel dimension (w)

Slice thickness (h)

oNgr o eV (or w)~0-65

oNcT & h=05
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Table 8

Page 83

Factors influencing the precision and accuracy in 3D gel dosimetry under conditions of good practice.

Precision

Accuracy

Dosimetric

Spatial

Dosimetric

Spatial

Fabrication

Radiation

Imaging

Dose sensitivity of the
gel dosimeter

Stochastic variation in
the delivered dose

Variations in the
temperature during
irradiation

Variations in the
temperature during
irradiation

Reproducibility of
calibration phantom
positioning

Radiochemical noise

Stochastic noise

Spatial variations in
manufacturing temperature

Variations in phantom
positioning

Spatial temperature variations in
combination with temperature
sensitive dose response

Spatial temperature variations in
combination with temperature

Voxel size/shape (resolution)

Discrepancies between
calibration vials and phantoms

Chemical stability spatial stability

Positioning error of the
calibration phantom

Dose-rate-dependent response

Dose-rate-dependent response

Energy-dependent response

Temperature dependence
Tissue equivalence
Recipient wall effects

Voxel shape (bandwidth) imaging
artifacts

Temperature during scanning

Volumetric contraction of
the gel dosimeter

Phantom positioning error

Imaging artifacts
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Table 9

Approximate time for a typical 3D gel dosimetry experiment.

Process Time
Fabrication 1h
Storage 5-20 h
Irradiation/treatment 1 h
Stabilization 10h
Scanning MRI 10h
Optical CT 20 min—-4 h
X-rat CT 1-2h
Image processing 1-5h

Phys Med Biol. Author manuscript; available in PMC 2011 February 1.

Page 84



Page 85

Baldock et al.

- sdL  ag WW T xTxT 1LT0  9Igvd 3w ewwed (5002) Ie 18 stuuelbeded

- SdL Qg  WWExGL0xGL0 19T  dVdIA LYI (#002) I 12 so|Ipues

ewiwes Sdl as gWW G x§¢xG¢ 10T ovd 1VINI (#002) Ie 30 Aouing

eliweo Sdl as gWW G xGTxGe 10T ovd 1VINI (av002) 1e 10 106107

euwiwes sdL  ae gWWEXxTxT IST  DIOVIN LA (£002) I 12 uossABISND

- sdL Qe gWW G xTxT 18 ovd LYI (€002) 12 38 3707

ewiwes Sdl as gWW G x §¢xG¢ 166 ovd 1VINI (£002) re 30 Aouing

psui ‘Bwwes aa‘sdl Qe gWW9xTxT 12 ovd LHI (€002) 1e 10 106497

- Sdl  dz WWTTxETTXETT V00 ONVE ajuewwed  (Z00g) IUIouBlD pue qIayds

s Sdl dz  gWWExXGE0xS60 12 €-9Nve N (2002) e 18 aqEUEIRM

A9p shs Sdl ac gWW 2 x50 x50 1600  ¢-9vd Sys (2002) re 19 AujonoN

(%08 ‘%05 = a) v.LA sdl Qe ww e ="ypIs 180 ovd SdS (2002) 1e 18 18pNY
- Jl'wy'sdL ar  WWSx/g0x /20 1900  dVdIA Sys (T002) Ie 18 sedded

- ldo‘'sdl @t WWZxTxT 1€0 €ONvd SyS (1002) Ie 18 Weyp|o

psui ‘(9606 = @) VLA Ol 'SdL dcz  WWEx8LOxBLO Ice ONve Sys (T002) Ie 18 30219
pswi ‘v1d wiy'sdl Qe gWWSGxP0x.L¥0 1€ ovd LY (0002) Ie 18 8UBRQ 8Q

- Wiy ‘sdl dz  WWTxEC0xECO 1€00 T-ONVE 8jiuy BwweD (0002) e ¥ 3

N8P SAS Sdl az cWWGXTXT 160 T-9Nvd |ew.ojuod (0002) Ie 18 3n04Bs0D

BlIwE aiL'sdl  ac WWEXTxT 1T  ONvd LYNI (666T) 1232 MO

anvd w4 ag gWWGx9Tx9T 1€ ovd LY (866T) I 38 3UdRQ 8Q

(%06 ‘%05 = Q) V1d Sdl ac gWW G x8'0x80 199'0 ovd LHAI (866T) [ 12 Weyp|O
via sdl Qe cWW € x G6'0x 6T - CT-ONVE 3wy ewwed (266T) I 32 nOqQl

Anuenb uonenjeng ‘dwop  wig uonnjosey awnjoA  adAy 99 Juswyeal | Joyiny

"pPa1eINoJed SeM V.1 d 8Y1 YdIUM JOJ S|9A3] 9SOPOSI ay] Juasaidal .1 g 8yl 01 1Xau S1ayoelq Ul SanjeA ayL ‘Xapul ewiweb ay) 1o} spuels

.ewiwed, ‘uoneinsp asenbs-uesL-1004 10 SPURIS PSWL, ‘UOITRIASP J11RWS]SAS 10) SpURIS ,ASp SAS, ‘UoleIAsp asop abelane abieiusalad Jo) spuels AV,
‘Juswiaa.fbe-01-a0urlSIp o) Spurls ,W.1d, ‘sennuenb uonenfeas ayl YUAA "1 D-1eando Joy spuels , 140, pue J019a19p puowelp o) spueis .ad, ‘4aquieyd
UOIBZIUOI J0) SpURIS D, ‘1818WISOP 82UISAUIWINOWIBY) J0) SPUelS 1L, ‘WaisAs Buluueld juswieas) 1oy spuels ,Sd.l, ‘Sia1awisop uostiedwod ay)

104 "Adeiay) oJe pare|npow-AlIsuaiul o) spuels , | VINI, pue Alebinsolpel 01198102.18]S 10) SpuURIS ,SHS, ‘Adesayl uoleipe.l paje|npow-AlIsusiul 1o} spuels
JLHI, ‘Aijepow juswieay syl 104 “Aluenb uoeN[eAs 8yl pue Ja1awisop uostiedwod ayl ‘uonngLisIp asop painseaw |36 ayl Jo uoisuswip syl ‘(azis
|oX0A) uolnjosai Jeieds ay) ‘wolueyd [a6 d1I8WIN|OA 8U1 JO awinjoA ay ‘adAl 196 ayr Yrim 1ay1albol suoiealjliaA Juswiyeal Answisop |96 Bunussaid siaded

0T 3lqelL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Phys Med Biol. Author manuscript; available in PMC 2011 February 1.



Page 86

Baldock et al.

- SdlL ac gWW T xTxT

1.T°0

dVdIA - 31U BUWED (S002) e 10 soyjstesex|

Anuenb uonenpeag ‘dwopy  "wig uoinjosay

aWINJOA

adA1 |99 JusWeal | Joyiny

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Phys Med Biol. Author manuscript; available in PMC 2011 February 1.



Page 87

Baldock et al.

[ensin  (uejdewweo) sd1L az sWwgoxg0oxgo 919vd 32UN0S YAH Jlzgr (9002) Ie 18 sojipues
[ensIA - OIA ‘(0%eld) SdL dz WWZxT0xT0 DJI19VIN 82IN0S ¥AH Jizer (9002) Ie 19 A3pnH
[ensin - (uejdewwen) sd.L dr (Ww80x80x80 olgvd 82IN0S ¥AH Jlzer (5002) Ie 12 sereg
[ensIA o dr Wwg0ox5§0xS50 olavd Paasos! |gz (#002) Ie 18 sijeiued
ensiA - OW‘(olld)SdL Qg gWWGxTxT o9vd Joreotjdde ArenAeIRIUL SO 61 (¥002) e 12 osoBei
dAvd wp4oy  Aar  WWS0x20x20 ovd 82IN0S Agg~Sog (€002) e 10 UIWY
ewweD  (MS 'oleld) SdI dz  WW ST x80x80 UVdIA 82IN0S YAH lzgy (€002) Ie 32 sounodiy
- - AW EXE0XED ONvg Joredijdde [eaifojowreyydo NHgy; (1002) [e 18 ueyd

[ensIA ON  Qz  WWEXPOXT0 UVdIA 80IN0S ¥AH Jlzsr  (TOOC) [e 18 sluuelBeded
[ensIA OAN  dz  gWWZxg0x80 ovd 0IN0S HAH llzgr  (eTO0Z) I 30 8UsRQ °Q
aAvd oW dr  WWexT0xT0 ONvd 80.N0s 8UI| § 3tggr-Megr (0002) Ie 32 1194eH
[eNsIA (SdN) sdL ac WW G xTxT ovd 82IN0S ¥AH Jlzer (666T) 238 AinfON
pswi  (xe]gH) SdL‘d1L Qe (WWEx80x80 ONveE 30IN0S YA SD,er  (666T) 1€ 13 1ue|jofeses
Aljenb uoirenjeag ‘dwop  "wig uonnjosay  adAy JswAjod Juswieal | Joyiny

NIH-PA Author Manuscript

TT 3lqelL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

‘uonoadsul [ensiA Buimoje Jay1o yoes Jo dol uo panojd ase suonNgLISIp asop ay)
Te1 sueaw [ensiA, "Xapul ewweb ay) 1o} spuels ewwed, pue uoielnap asenbs-UeaLl-1004 10 SPURIS ,PSW, ‘UolrelAsp asop abelane abiejusalad Joy spuels
.AdAVd, ‘sannuenb uoienjeas syl YuaA “Aluenb uoieneAs ay) pue Ja)awisop uostiedwod ayl ‘uonngLisip asop painseaw a6 ayl Jo uoisuswip syl ‘(azis
|oX0A) uolnjosai Jeieds ay) ‘wolueyd [a6 d1I8WIN|OA 8U1 JO awinjoA ay ‘adAl 196 ayr Yrim 1ay1albol suoiealjliaA Juswiyeal Answisop |96 Bunussaid siaded

Phys Med Biol. Author manuscript; available in PMC 2011 February 1.



