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Abstract

Gel dosimetry was used together with magnetic resonance imaging (MRI) to
measure three-dimensional absorbed dose distributions in radiation therapy.
Two different dosimeters were studied: ferrous- and monomer gel, based on
the principles of radiation-induced oxidation and polymerisation,
respectively. Single clinical electron and photon beams were evaluated and
gel dose distributions were mainly within 2% of conventional detector
results. The ferrous-gel was also used for clinical proton beams. A decrease
in signal per absorbed dose was found close to the end of the range of the
protons (15-20%). This effect was explained as a linear energy transfer
dependence, further supported with Monte Carlo simulations.

A method for analysing and comparing data from treatment planning
system (TPS) and gel measurements was developed. The method enables a
new pixel by pixel evaluation, isodose comparison and dose volume
histogram verification.

Two standard clinical radiation therapy procedures were examined using
the developed TPS verification method. The treatment regimes included
several beams of different radiation qualities. The TPS calculated data were
in very good agreement with the dose distribution measured by the ferrous-
gel. However, in a beam abutment region, larger dose difference was found.
Beam adjustment errors and a minor TPS underestimation of the lateral
scatter contribution outside the primary electron beam may explain the
discrepancy.

The overall uncertainty in the ferrous-gel dose determination was
considerably reduced using an optimised MRI acquisition protocol and a new
MRI scanner. The relative dose uncertainty was found to be better than 3.3%
for all dose levels (95% confidence level).

Using the method developed for comparing measured gel data with
calculated treatment plans, the gel dosimetry method was proven to be a
useful tool for radiation treatment planning verification.
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1. Introduction
During the last decade radiation therapy has gone through a significant
development process. Today there are treatment techniques with an improved
capability for tumour control while sparing normal tissue surrounding the
tumour, using conformal radiotherapy (Purdy, 1998). Dynamic treatment
techniques, stereotactic multiple beams and intensity modulated radiotherapy
(IMRT) can be used (Boyer, 1998). With the new techniques patient
complications are minimised, resulting in potential for improved treatment
results and a greater probability of cure. These achievements are mainly based
on technological improvements that make advanced and complex irradiation
methods possible. Optimisations of the absorbed dose distribution can be
performed using the recent developments, for example utilising dynamic multi-
leaf collimators and other IMRT techniques. Amid the uncertainty of patient
positioning and in vivo dosimetry one of the main obstacles achieving the
optimised treatment is the need to ensure that the treatment really fulfils the
dose calculations of the treatment planning systems (TPS). When IMRT is used,
the spatial location of all steep dose gradients should be measured in order to
completely verify the planned absorbed dose distribution. This can not be
achieved accurately enough with current dosimetry techniques (Oldham et al.,
1998a). Thus complicated radiation therapy relies upon computer supported
three-dimensional TPS i.e. the dose calculation algorithms must be able to
handle scattering and density corrections in three dimensions.

The absorbed dose distribution within the patient is calculated using a limited
amount of initial measurement. Simplified, idealised beam measurements in
water are generalised to all treatment regimes by the TPS. Diagnostic
information, mainly obtained by CT examinations, is needed to localise the
tumour and determine its shape. CT data are also used to provide the TPS with
relevant three-dimensional information on the anatomy and density of the
patient volume to be treated i.e. an electron density matrix is created (Knobs et
al., 1986). Thus, dose calculations are performed in three-dimensional taking
into account the individual anatomy and attenuation properties in each patient.
There is a great need for three-dimensional absorbed dose measurements,
especially in large, patient-mimicking volumes, to verify the complete treatment
chain, including CT scanning, image transfer, TPS dose calculations and beam
delivery. Gel dosimetry with MRI has the potential to be used for these
measurements since a complete volume can be irradiated and evaluated (Figure
D-



Figure 1. A measured three-dimensional absorbed dose distribution from a 14 MeV
electron beam using gel dosimetry and MRI.

The advantages to be expected with gel dosimetry compared with conventional
dosimeters may be summarised in the following properties:

y independence on radiation direction, radiation quality and dose rate for
conventional clinical beams

"P- absorbed dose integration in the dosimeter (of utmost importance for
dynamic treatment and multiple beams)

> evaluation of a complete volume

> potential for true three-dimensional dosimetry utilising a high spatial
resolution

> possibility to measure in a phantom that is equivalent to anatomical soft-
tissue

The gel dosimetry method may be developed further as the gel can be moulded
in any desired shape and inhomogeneities can be placed within the phantom.
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1.1. The objectives of the thesis
The overall aim of this thesis was to improve gel dosimetry in order to make it a
useful tool for treatment planning verification. In detail, the aims were:

1. To reduce the uncertainty in dose determination using gel dosimetry.

2. To study an alternative non-diffusion polymer gel dosimetry
technique.

3. To use gel dosimetry for single beam radiation therapy dose
measurements including photon, electron and proton beams.

4. To develop a technique for direct verification of treatment planning
system calculations.

5. To implement the use of gel dosimetry in clinically relevant situations.

11



2. Background

2.1. Detectors for treatment planning verification
Absorbed dose measurements with conventional dosimeters exhibit limitations
when several beams, or dynamic single beams (that vary over time), are
combined to form a dose distribution. Using a water-scanning system together
with conventional detectors, the dose is measured only at certain points. The
detector response, or signal per unit absorbed dose, may change with the
direction of the incident radiation for detectors such as diodes and ionisation
chambers. Further, the response is not completely independent of radiation
quality and corrections may be needed in order to determine the absorbed dose
in water (cf. IAEA, 1987). Diamond detectors (Rustgi, 1995) and liquid
ionisation chambers (Wickman, 1991) exhibit an atomic composition closer to
that of water and thereby corrections may not be needed. However, all these
detectors are limited to point dose measurements.

Soft-tissue equivalent phantoms with alanine crystallites (Ciesielski et al., 1996)
or anthropomorphic phantoms used together with small thermoluminescent
(TL) detectors (Dunscombe et al., 1996) have the potential to determine the
dose in three dimensions. However these measurements are cumbersome and
still limited to samples within the volume. The spatial resolution of methods
may also be unacceptable for applications involving high dose gradients, e.g.
brachytherapy.

Other dosimetry systems are two-dimensional, consisting of a radiosensitive
layer (sheet) that can be placed either in water or in anthropomorphic phantoms.
The most common system based on this principle is the radiographic film that
can be stacked to acquire the dose distribution in a third dimension as well
(Low and Mutic, 1997). Other two-dimensional detectors recently used in
clinical applications include TL sheets (Iwata et al., 1995), GafChromic film
(Ertl et al., 1998) and plastic scintillator sheets (Chawla et al., 1995). However,
the presence of these non-water-equivalent detectors will cause perturbations in
the radiation field and thus affect the dose measurement.

In gel dosimetry the gel itself forms both a three-dimensional phantom and the
detector. Therefore, no corrections are needed to obtain the absorbed dose in
water using photon and electron beams (Olsson and Mattsson, 1991). The gel
can be modified to be almost completely soft-tissue equivalent (Rouselle et al.,
1997). The three-dimensional properties of the detector are especially
advantageous when used for treatment planning verification for photon and
electron beams.
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2.2. Three-dimensional treatment planning
Before administration of complicated radiation treatment, computer aided
treatment planning is needed. First, the tumour volume has to be localised.
Improved diagnostic techniques (CT, MRI, and positron emission tomography,
PET) have made it possible to depict anatomical regions in elaborate detail.
Further, the treatment planning itself includes several steps (Figure 2). The
treatment planning CT examination is used to create an electron density matrix
(Knoos et al., 1986) and further to outline the contour of the patient and to place
within it the planning target volume (ICRU, 1993) and organs at risk. The
calculated dose distribution is then optimised using various beam
configurations. Finally all information needed to perform the planned treatment,
e.g. beam configurations, is transferred to the treatment unit.

The TPS used in this study was a three-dimensional system based on
convolution/superposition algorithms. Modelling of the beam characteristics in
the TPS (Helax-TMS, Uppsala, Sweden) is done by fitting a certain number of
parameters to the initial (input) measurements, as outlined by Ahnesjo and
Saxner (Ahnesjo and Saxner, 1992, Saxner and Ahnesjo 1992).

For the photon beam dose calculations (Ahnesjo et al., 1992), Monte Carlo-
based energy deposition kernels (Mackie et al., 1988) are used to obtain
polyenergetic pencil beams (Ahnesjo and Andreo, 1989). Simplified, the
absorbed dose estimate for each calculation point is then calculated using a
semi-analytical convolution of the pencil beam, taking into account the
machine-specific energy fluence matrix, modelled using the actual field shape
and patient geometry (Hurkmans et al., 1995). The pencil beam algorithm used
for electron beam dose calculations utilises pre-calculated (Monte Carlo) energy
deposition kernels (Lax et al., 1983).

The Helax-TMS system is known to be very accurate (cf. Knoos et al., 1994,
Weber et al., 1996, Hurkmans et al., 1996). However, some limitations have
also been reported. There were minor differences in the TPS-calculated dose
compared with measurements when high energy photon beams were used at
shallow depths (Knoos et al., 1994), or low energy photon beams in simulated
head and neck treatment (Hurkmans et al., 1995). The lateral scattering
contribution close to or within a low-density medium is underestimated using
this TPS for high energy photon beams (Knoos et al., 1995). The modelling of
the lateral scatter outside the primary electron beam also results in an
underestimation of the absorbed dose (Blomquist et al., 1996).

The three-dimensional properties of gel dosimetry can be used to verify the
combination of all parameters involved in radiation treatment when utilising a
TPS (Figure 2).

13



Calculated
dose matrix

Figure 2. The procedure (schematic) for treatment planning. First, a CT-scan is
performed and the images are transferred to the TPS. Using this information, beam
modelling can be performed. The absorbed dose is then calculated in the pre-defined
grid (dose matrices) to predict the dose distribution in the patient. Finally, (after
simulation) the patient is treated according to the treatment plan.

2.3. Gel dosimetry
Over the past 15 years there has been continuous development in gel dosimetry.
In 1984, Gore et al. proposed the method of using the well-known Fricke
dosimeter (Fricke, 1927) together with a gelling substance in order to achieve
true three-dimensional dosimetry using MRI. This discovery encouraged a
number of groups to take part in the development of the new dosimeter (Figure
3).

The method based on the radiation-induced conversion of ferrous ions (Fe2+) to
ferric ions (Fe3+) in a gel will hereafter be referred to as FeGel. In 1993, a new
gel detector was presented (Maryanski et al., 1993), based on radiation-induced
polymerisation, and will be referred to as PoGel.

14



14

12 -

2 1 0 -

in CD r~- oo 05
co co co co co
O) O) 05 0 ) O5 a>

•J—
O5

CM
05

CO
O5
O5

LO
CD
05

CO
O5
O5

h-
O5

year

Figure 3. Gel dosimetry publications, 1984-1997 (original papers only).

Developments in gel dosimetry and all the different characteristics of the
method, such as dose response properties, are summarised in a review paper
(Paper VI). The clinical applications in which gel dosimetry has been used are
also briefly discussed. Since the review paper was published, PoGel has also
been used to verify calculated conformal therapy dose distributions (Oldham et
al., 1998a).

2.4. Principles of gel dosimetry and MR I
Gel dosimetry evaluated with MRI techniques relies on three principles:

> The energy absorbed from radiation produces a chemical stable substance.

> This change corresponds to an NMR response, i.e. there is a difference in
NMR properties in the gel before and after irradiation.

> The NMR response can be measured by means of signal changes in MR
images.

These matters are reviewed in Paper VI but will to some extent be discussed
below for both the FeGel and the PoGel dosimeter.

One of the most important qualities possessed by a dosimeter gel is that it forms
both phantom and detector. The gel composition is chosen to produce a solid-
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like solution, as the radiation-initiated reactions arise from water radiolysis (cf.
Swallow, 1973). A gel can be defined as a three-dimensional polymer network
in a liquid medium. The structure is cross-linked by strong (e.g. covalent) or
weak (e.g. hydrogen) bonds. The solid-like behaviour of a gel is based on the
network-liquid interaction (Westrin, 1991). For gel dosimetry the liquid is the
dosimeter solution, and this solution is retained by the network, and prevents
the network from collapsing. Various aqueous gels (e.g. agarose, gelatine) can
be used in gel dosimetry (cf. Paper VI). The gelling substances are also
important for the chemical dose response characteristics (see chapter 0).

2.5. FeGel
The absorbed dose is proportional to the produced ferric ion (Fe3+)
concentration in a ferrous (Fe2+) solution (Fricke and Hart, 1966) and a ferrous
agarose gel (Olsson et al., 1989). The radiation chemistry and the chain
reactions that make the dose response in an agarose gel greater than in a Fricke
solution have been thoroughly studied and previously reported (Olsson, 1991).

In the presence of the paramagnetic Fe3+ ion, the proton relaxation rates (1/T1
and 1/T2) are significantly increased. The ferric ion concentration in both acid
solutions (Gore et al., 1984) and in agarose gels (Luciani et al., 1996, this study
section 4.1) is proportional to the relaxation rates. The relative magnitude of the
increase in 1/T1 or 1/T2 due to the paramagnetic ions depends mainly on three
ion properties: (i) The magnetic moment, (ii) the ionic radius of the species and
finally, (iii) the time scale of the spin fluctuations of the unpaired electrons,
determined by the correlation time, ic. The surrounding protons will thus
experience a time-dependent local change in magnetic field. tc reflects the
temporal persistence of the spins and is mainly dependent on the electron spin
relaxation time (Gore et al., 1984). Ferrous and ferric ions exhibit different
properties regarding all three parameters. The difference in Tc is, however, most
significant (Eisinger et al., 1962). As a result of this, ferric ions are about 20
times more efficient in increasing the relaxation rate (Gore et al., 1984). Ferric
ions thus have a significantly higher relaxivity i.e. 1/T1 or 1/T2 change per
substance concentration, s'VmM.

The radiation-induced oxidation of Fe2+ to Fe3+, the difference in relaxivity (r)
for these species (r3+-r2+) and finally the linear relationship between the
paramagnetic concentration and the relaxation rate are the basis for ferrous-gel
based dosimetry (Figure 4).

16



Increased absorbed dose

0.0 0.5 1.0

[Fe3+]-[Fe2+] / mM

1.5

(0

Figure 4. Proton relaxation rates versus difference between ferric and ferrous ion
concentration, corresponding to the absorbed dose (10.6 MHz, Praxis II). The slope
of the curve (r3+-r2+) was obtained from this study (section 4.1).

To determine which relaxation rate, 1/T1 or 1/T2, is the preferable parameter to
measure in order to determine the absorbed dose, it is first necessary to consider
the basic NMR property, r3+-r2+ (Figure 4) and secondly the potential to measure
this parameter using MRI. The relaxivity is dependent on NMR evaluation
parameters (such as temperature and magnetic field strength) and further on the
gel composition (including pH) (Audet, 1995).

2.5.1. 1/T1 model
As early as in the first paper concerning NMR dosimetry with ferrous solutions
(Gore et al., 1984), a 1/T1 absorbed dose model, based on relaxation studies
with paramagnetic solutions (Solomon, 1955, Bloembergen and Morgan, 1961)
and the Fricke dosimeter (Fricke and Hart, 1966), was presented. The model has
been found to be consistent even when different gelling substances are used.
Using the relaxivity concept defined above and a four-site fast exchange model
the original model was modified as follows (Audet and Schreiner, 1997):

17



Equation 1

D + 1/T1O =

= [dose sensitivity^) +1 /Tl0

1/T1O = r2+[Fe2+

where 1/Tl is the observed relaxation rate, G is the number of ions
produced/lOOeV, r is the relaxivity in s'/mM, p is the density in kg/dm3, NA is
Avogadro's number, e is the number of joules/eV, and the dose sensitivity is
expressed in s"'/Gy. This model was developed for a gelatine gel. Note that the
Fe3+ relaxivity is denoted as effective relaxivity. This is necessary since the
gelatine concentration affects the r3+ value. Because of the complexity of the
relaxivity, as pointed out in the previous section, r3+ should be determined for
each dosimeter composition to avoid erroneous conclusions (Audet and
Schreiner, 1997). For example the G value will be incorrect if determined from
the dose sensitivity using the wrong relaxivities. The relaxivity of ferrous and
ferric ions in the agarose gel used in this study was examined (section 4.1).

The observed 1/Tl (Equation 1) is the sum of the weighted inherent relaxation
rates of each water proton site (group). Water protons exist in four groups in the
gelatine gel: on bulk water, and on water hydrating the ferrous ions, ferric ions
and the gelatin. Since fast exchange occurs between these groups, a single
apparent relaxation rate is observed (Audet and Schreiner, 1997). The same
assumptions hold for an agarose FeGel since fast exchange exists with water
protons residing on the agarose also (Howe, 1988, Walker et al., 1989) and thus
Equation 1 is valid also for the present FeGel system.

The potential for absolute dosimetry is indicated by Equation 1. It would require
an accurate knowledge of r3+-r2+ and the dose sensitivity, i.e. the slope of the
dose response curve, to determine the G value. Even with extremely well-
defined mixing procedures, there are significant variations from one preparation
to another (Olsson, 1991, Gambarini et al., 1994). Another approach is to
perform some kind of dose calibration, using samples from the same gel batch
irradiated to known absorbed doses. However, in this study, only relative
measurements were performed.

A model similar to that in Equation 1 has been presented for 1/T2 and gelatin
gels (Duzenli et al., 1994) but there are some questions regarding the accuracy
of such a model without including, for example, chemical shift (Audet and
Schreiner, 1997).

18



2.6. PoGel
Radiation-induced polymerisation was used at an early stage for chemical
dosimetry (cf. Swallow, 1973) as radicals arising from the water radiolysis were
known to initiate polymerisation in a monomer solution. When the absorbed
dose in a solution of monomers exceeded a certain value, the solution was
transformed into a polymer gel. It was initially suggested that the method could
be used as a threshold dosimeter, by measuring the viscosity (Hoecker et al.,
1958). However, a monomer solution alone is not useful for continuous dose
detection.

1.4
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20 25

Figure 5.1/Tl versus absorbed dose for a monomer solution (closed rectangles: data
from Maryanski et al., 1993) and for a gelatin-based PoGel dosimeter (open
rectangles) (Paper III).

In 1993, Maryanski et al. introduced a new dosimeter based on radiation-
induced polymerisation. Agarose gel was mixed with a monomer solution and
this detector exhibited a linear dose response for the relaxation rates 1/Tl
(Figure 5) or 1/T2. The agarose was later exchanged for gelatin as this gel
resulted in a steeper slope for the dose response curve (Maryanski et al., 1994).

The monomer solution incorporated in the gelatin consisted of acrylamide and
iV,Ar-methylene-bisacrylamide (Maryanski et al., 1994). These monomers can
be chemically polymerised and cross-linked to form a so-called polyacrylamide
gel (PAG). PAG has been widely used for gel permeation chromatography and
gel electrophoresis (see e.g. Hsu and Cohen, 1984). Thus, the chemical
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reactions induced by a free-radical initiator and catalysed by other components
are well-known (cf. Kennan et al., 1996). The PAG is formed by the break of
the single reactive carbon bond apparent in acrylamide (resulting in a linear
chain). N,yV'-methylene-bisacrylamide, which has two reactive carbon bonds, is
responsible for the cross-linking between different chains. The cross-links are
established through chemical covalent bonds. Radiation-induced free radicals
initiate the same chemical reactions. The step function of the dose response in a
solution (Figure 5) can be understood by the phenomenon known as
autoacceleration (Audet, 1995). The absorbed dose corresponds to the number
of radiation-induced free radicals and thereby to the polymer yield (Gp)
(Equation 3). As the absorbed dose increases, monomers are consumed and
polymers are formed. The viscosity of the solution also increases. This will
prohibit diffusion and thereby slow down the polymerisation. However, the
termination reactions will be hindered even more by the fact that the large
molecules mainly responsible for the termination diffuse more slowly than the
reactive, small monomers. This decreased diffusion of polymers with increasing
molecular weight has been described elsewhere (Westrin, 1991).

In the PoGel system, the monomer solution is incorporated in an aqueous gel,
such as gelatin (Maryanski et al., 1994, 1996, 1997, Baldock et al., 1998, Paper
III) or agarose (Maryanski et al., 1993). Autoacceleration is then inhibited, by
the presence of the gel structure, and thereby a linear dose response is obtained
(Figure 5). The chemical mechanisms are not well understood, and it is not clear
whether the decreased diffusion in the gelatine structure limits the initiation
reactions or if the structure itself merits the termination. However, the polymer
yield, Gp, seems to be constant with increased absorbed dose in the proposed
dosimeter, within a certain range.

The NMR dose response of a monomer solution in a gelatin network can be
understood by means of a local change in the rigidity of the network. There is,
however, not a complete understanding of relaxation properties. It is likely that
the large molecules induced by the radiation, i.e. the co-polymers (polymers
formed by two kinds of monomers), cause the water proton hydrating these
polymers to slow down and their motion to become more anisotropic (Audet,
1995). This effect is very efficient in increasing 1/T2 but not as efficient for
1/T1 (Haraldsson and Back, 1998). Thus 1/T2 is the preferable parameter to
measure in the PoGel (cf. Paper III). The efficiency in changing the relaxation
rate, i.e. the dose response, depends on the composition, magnetic field strength
and evaluation temperature (Maryanski et al., 1997).

2.6.1. 1/T2 model
A 1/T2 absorbed dose model has been proposed for the PoGel dosimeter
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(Audet, 1995):

1 / T2 = [G ' r " JD +1 / T20 = [dose sensitivity]? +1 / T20 Equation 3

where Gp is the polymer yield in % weight of polymer formed/Gy, rp is the
relaxivity of the polymers formed in s"'/% weight of polymer formed. Thus, the
chemical response is represented by the polymer yield and the relaxation rate
response as the polymer relaxivity. The analogy with the corresponding FeGel
model, Equation 1, is obvious.

The G value and the relaxivity should ideally be determined independently, to
distinguish the chemical response from the NMR response (Audet, 1995).
However, it is not possible to easily determine the polymerised fraction at a
certain dose. Assuming that there is no polymerisation at zero dose (1/T2O) and
that all monomers are polymerised at the saturation dose, Dsat, (1/T2max) the
following approximate expressions are though obtained:

p _
1/T? _ 1 / T 9 Equation 4
w 1Zlmax l l l z " 0

total fraction added monomer (%)

_ total fraction added monomer (%) Equation 5

Dsa,

The detector system can thus be improved by optimising both Gp and rp. By
studying the inherent spin groups and thereby finding the direct relationship
between polymerised fraction and relaxivity, using magnetisation transfer
measurements (c.f. Gochberg et al., 1998), an improved detector composition
can be obtained. Acrylic acid has been used as a replacement for acrylamide and
found to increase the 1/T2 dose response (Maryanski et al., 1996). Other
constituents may be even more efficient in increasing 1/T2.

2.7. MRI detection of absorbed dose response
By varying the imaging parameters from one image to another the signal
information from several images can be used to obtain the 1/T1 and 1/T2
images. There are several ways of performing these measurements. For
example, a train of spin-echo images with different repetition times (1/T1) or
echo times (1/T2) can be used. Data for each pixel data are then fitted to the
mathematical expression that describes the signal (Bloch, 1946), to obtain the
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relaxation rates. One of the main obstacles to gel dosimetry has been the
relatively low precision of the relaxation time measurements (Paper VI). This
area deserves a lot more attention in order to improve gel dosimetry using MRI.
The demands are different from traditional medical optimisations in diagnostic
radiology. For example, in gel dosimetry one must take into account image
plane non-uniformity in order to achieve a uniform dose response throughout a
volume (Magnusson et al., 1998). It is further of great importance that the
stochastic noise levels in the MR images are low to obtain reliable relaxation
times (Paper I). The MRI acquisition time is not a critical parameter when the
dose response in PoGel is evaluated, as it is stable over a period of months
(Maryanski et al., 1994) or at least weeks (Oldham et al., 1998a, Paper III).
Therefore long evaluation times can be used to obtain MR images with low
stochastic noise levels. For FeGel, it is crucial to use a fast imaging method in
order to minimise the blurring effects owing to diffusion of Fe3+ ions.
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3. Materials and methods
As described above, the two gel dosimetry systems used in this study are based
on the same principles, even if the radiation-induced reactions are different,
ferrous oxidation (FeGel) and monomer polymerisation (PoGel). The procedure
for using gel dosimetry and MRI for dose measurements is described in Figure
6. First, the gel is produced and poured into a phantom. After irradiation the
dose distribution is detected by means of MRI. Finally, the MR images are used
to calculate an absorbed dose image.

Gel
preparation

Phantom

MRI

Measured
dose matrix

Figure 6. Schematic diagram of the gel dosimetry procedure. The gel is prepared,
poured into a phantom of arbitrary shape, and later irradiated. The chemical
changes induced are evaluated using MRI and the images postprocessed to obtain
the final result, an absorbed dose image.

3.1. FeGel
The FeGel system used in this thesis was developed by Olsson (1991) and the
mixing procedure and composition of the gel have been kept the same (Table I).
Therefore, the method used for preparing the gel is only briefly described
below.

23



Table I. Composition of gel used in the FeGel system.

Constituents FeSO4 Agarose H2SO4 NaCl Ultra pure
(SeaPlaque® water
and SeaGel®)

Amount 1.5 mM 1.5% of weight 50 mM lmM Residual

It is not necessary to use triple-distilled water. Today ultra purified de-ionised
water (18 MQ/cm) is used. As pointed out by many authors (e.g. Olsson et al.,
1989, Gambarini et al., 1994), a sufficient oxygen concentration is needed
within the gel to achieve a high dose response. Therefore the gel is oxygenated
(while cooling from 60 to 40°C) in order to replace the oxygen lost during
heating. The addition of the ferrous solution is performed at just above the
gelling temperature. Finally, the gel is poured into a phantom. The phantom is
left to cool in a large water-bath of the same temperature as the gel, to achieve a
slow gelling process. This procedure minimises the number of oxygen bubbles
trapped in the gel during solidification. The gel containers used were made of
Perspex and had various shapes; rectangular or cylindrical. The volume was
always close to two litres.

3.2. PoGel
The development of a safe and reproducible PoGel preparation method (Paper
III) was based on the work of Baldock (1996) and Baldock et al. (1998). The gel
composition was first suggested by Maryanski et al. (1994) (Table II).

Table II. Composition of gel used in the PoGel system.

Constituents Acryl- N,N'-methylene- Gelatin Ultra pure
amide bisacrylamide water

Amount 3 3 5 Residual
(% of weight)

The preparation technique (Paper III) can briefly be described as follows: The
water is poured into a flange flask (Figure 7). It is known that oxygen can
scavenge free radicals and inhibit polymerisation (Kennan et al., 1996), so the
water is flushed with nitrogen in order to remove the oxygen. The water is then
heated and acrylamide is added. Finally the TV.AT-methylene-bisacrylamide is
dissolved in the solution. The gel is inserted into hermetically sealed small
samples (20 ml) and large phantoms (up to 1750 ml) of glass or Barex® (BP
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chemicals, UK). The method was found to be sensitive to chemical impurities
and only chemicals of analytical grade and an acid-derived gelatin (300 bloom,
Sigma Aldrich) were used.

Thermometer

Opmnlng

Stsflffl COtluflhSAT

N,

Figure 7. Set-up for the PoGel dosimeter preparation (from Paper HI).

3.3. Irradiations and treatment planning
The single photon and electron beam irradiations (Papers I and IV) were
performed using linear accelerators (Philips Linac SL75/5 and SL75/20) for the
photon (5 MV) and the electron beam (10 MeV) irradiations, respectively.
Another linear accelerator (Elekta SLi) was later used for both the photon (10
MV) and the electron beams (10 and 15 MeV) (Paper III). PoGel dose response
studies were performed using gel samples and the 10 MV photon beam (Paper
III).

Two clinically relevant treatment regimes were examined (Paper V), urinary
bladder cancer and breast cancer (after radical mastectomy) treatment. In the
urinary bladder set-up, three 16 MV photon beams were utilised (one open and
two opposing wedged beams). The purpose of this first application was to
examine the absorbed dose-integrating capacity for gel dosimetry. The breast
cancer set-up included two adjoining electron beams (10 and 14 MeV) and a
superimposed photon beam (5 MV). This more complicated set-up was used to
test the ability to utilise several beams of different radiation quality (for details
see Paper V). The linear accelerators used were the Philips equipment described
above. The FeGel was used also used in proton therapy (Paper II). These
irradiations were performed at the The Svedberg Laboratory, Uppsala, using a
synchro-cyclotron. The proton beam is spread out laterally with a dual
scattering foil system to achieve a homogenous particle fluence (Grusell et al.,
1984). Both monoenergetic and range-modulated beams were studied, the latter
accomplished using the Spread-Out-Bragg-Peak (SOBP) technique (Montelius
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et al., 1991). Dose response studies were also performed, using gel samples and
the monoenergetic proton beam at a depth corresponding to approximately 90
MeV (Paper III).

The treatment planning (Paper II, IV-V) was performed using a three-
dimensional TPS (Helax-TMS 2.9C, Helax, Uppsala, Sweden). Before planning
the phantoms were CT-scanned and the image data transferred to the TPS for
further processing to obtain the electron density matrix. After dose calculation,
in order to make the calculations available for comparison with the FeGel data,
the calculated dose matrices were exported from the TPS (Paper IV).

3.4. Detectors used for comparison of relative dose
distributions

In this study, the basic gel measurements (Papers I-III) were compared with
corresponding measurements using silicon diode detectors and ionisation
chambers. The NACP plane-parallel ionisation chamber (Mattsson et al., 1981)
and silicon diode detectors (Rikner and Grusell, 1987) were used to obtain
depth dose curves. The diodes were also used for lateral dose profile
measurements. Deviations (in some cases above 1%) have been reported for
photon beam diode measurements close to the surface compared with those for
a reference ionisation chamber (IAEA, 1996). This property is further discussed
in Paper I. The proton beam dose measurements were performed using the
plane-parallel ionisation chamber, according to Medin et al. (1995).

3.5. MR techniques

3.5.1. Optimisation of the spin-echo acquisition scheme for 1/T1
measurements

An MRI evaluation scheme used for 1/T1 determination for dosimeter gels
often consists of a spin-echo train with up to 7 images, with varying repetition
times (cf. Olsson, 1991). In this study the number of images as well as the
number of excitations per image was optimised with regard to time and
stochastic noise (Paper I). The most effective noise reduction was found to be a
scheme with two repetition times (Table III). The 1/T1 images were calculated
using in-house developed software (section 3.6). Irradiation geometries were
chosen to utilise single slice evaluation to exclude cross-talk between slices.
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Table III. Optimised scheme for spin-echo imaging (from Paper I)

TE/ms

12

TRl/ms

200

No. acq.

8

TR2/ms

1700

No. acq.

2

Scan
time

25 min

SL/mm

15

The parameters from Table III were subsequently used in Papers I, IV and V.

3.5.2. The MRI evaluation used for FeGel proton measurements
When the 1/T1 distributions resulting from proton beams were evaluated, faster
sequences were required in order to avoid significant diffusion effects in the
rapid dose fall-off region at the end of the proton range (Paper II). Hence, the
gel phantoms used for proton irradiations were imaged using a 1.5 T MRI
scanner (Philips ASCII) and a "Turbo-mixed" sequence (Philips operating
manual). This fast imaging method is based on the RARE technique (Hennig et
al., 1986). The sequence is a modified interleaved spin-echo and inversion
recovery method (In Den Kleef and Cuppen, 1987), a method known to produce
accurate and low noise Tl (and T2) images (Andersen et al., 1994). Tl images
were calculated from the individual MR images using Philips software.

The acquisition scheme used (Table IV), was chosen to obtain 1/T1 images with
a low stochastic noise level, within the range relevant for the irradiated gel
(100-900 ms).

Table IV. MRI acquisition parameters for the "Turbo mixed" sequence.

Turbo
factor

10

TE/ms

10,
100

TRSE/ms

1000

Tl/ms

500

TRiR/ms

2260

No.
acq.

4

Scan
time

11 min

SL/
mm
10

3.5.3. The MRI evaluation used for PoGel measurements
For PoGel, 1/T2 is the obvious parameter to measure (Maryanski et al., 1994,
Paper III). The sequence used for the measurements in this study (Paper III) was
a multi-echo sequence (Table V). The MRI scanner used was a Siemens Vision
(1.5 T).
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Table V. MRI acquisition scheme for the multi spin-echo sequence.

TE/ms
22.5

TEmax/ms
720

No. echo
32

TR/ms
>3000

No. acq.
2

Scan time
30 min

3.5.4. 1/T1 and 1/T2 determination in samples
Samples (glass vials; 20 ml) were used for dose response measurements (Paper
II and Paper III), and to examine the relaxivity of ferrous and ferric ions
(section 4.1).

An MR analyser (Praxis II, Praxis Corp., USA) was used to measure the
relaxation times for all samples. The operating frequency was 10.6 MHz
(0.25 T) and the magnetic field was produced by a permanent magnet. All
measurements were performed at room temperature for both Tl and T2. The
signal acquisition and relaxation time calculations for the MR analyser have
been described previously (Christoffersson et al., 1991).

Evaluations at higher magnetic field strengths (section 4.1) were performed at
0.95 T (Siemens Impact; 40.5 MHz) and at 1.5 T (Siemens Vision; 63.6 MHz).
Tl and T2 for each sample were calculated from region of interest
measurements in the MR images. For Tl evaluation, an inversion-recovery
turbo spin-echo method was used together with the following imaging
parameters (ms) 5000/29/100-3000 (repetition time, echo time, inversion times)
(Paper III). An iterative non-linear least-square fit was used to obtain the Tl.
The T2 evaluation was described in section 3.5.3.

Measurements of Tl in two gel samples were performed using a field-cycling
relaxometer (IBM Research Relaxometer, IBM Research Center, Yorktown
Heights, USA), at the Universite de Mons-Hainaut, Belgium. The operating
frequencies ranged from 0.01 to 50 MHz, i.e. from 0.23 mT to 1.2 T. The
measurement results in an NMRD (NMR dispersion) curve, with the relaxation
rate as a function of magnetic field strength. The method has been extensively
used for MRI contrast media development (Mueller et al., 1988). For a detailed
technical description of the method, see Koenig and Brown (1987).

3.6. Post MRI processing; relaxation time calculations
and dose data extraction

The MR images were transferred to a PC and relaxation time calculations were
performed using in-house developed software operating on a Windows 95/NT
platform (PMRelax, Department of Radiation Physics, Malmo). An introductory
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description of the program has been given (Magnusson et al., 1995) and a
screen shot is included to indicate some of the properties of the program (Figure

Figure 8. A screen shot from the "PMRelax" software used for calculation and
evaluation of gel dosimetry measurements.

The 1/T1 images (Papers I, IV and V) were calculated using the fast centre of
gravity method (Sperber et al., 1989) on a pixel by pixel basis. The 1/T2 images
were calculated, pixel by pixel, using linear least-square fitting of the signal
equation (Paper III). All calculations were performed within seconds using a
Pentium® (Intel™ 200 MHz) processor.

Background subtraction was always performed. Thus, 1/T1 or 1/T2 images of
the non-irradiated gel were subtracted from the corresponding post irradiated
images. For electron beams and using PoGel (Paper III) a mean values from a
region of interest measurement was subtracted from the post irradiated data.

An relative absorbed dose image is after subtraction obtained. Line dose
profiles, depth dose curves, isodose curves and region of interest data were
extracted from the final dose images using the PMRelax program or a
commercial image processing unit (see below). When matching two sets of
images, i. e. TPS-calculated dose matrices and measured gel data, a commercial
image processing system was used (Digital DECstation 5000/24 and Analyze™,
Mayo Clinic, Rochester, USA). This procedure is described in detail in Paper
IV.
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4. Dose response
The dose response of a detector is, in this thesis, defined as the measurable
signal change due to the energy absorbed in the detector. In gel dosimetry the
absorbed dose results in a change in 1/T1 or 1/T2 and this response is linear
within a certain interval. Thus, the dose response equals the slope of the curve
for the relaxation rate versus absorbed dose.

4.1. FeGel dose response
The FeGel dose response was found to be linear for both protons
(approximately 90 MeV) and photons (18 MV) (method described in 3.5.4).
The slopes of both curves were 0.103 s'Gy"1 (Paper II). This is in close
agreement with the sensitivity reported by Olsson (1991) using the same gel
composition.

Slope 0-30 Gy = 0.103 s'/Gy

10 20 30

Absorbed dose / Gy
40

Figure 9. FeGel 1/T1 dose response for a proton (90 MeV, filled circles) and a photon
(18 MV, open circles) beam.

Close to the end of the proton range (Bragg peak) the basic depth dose
measurements (section 5.1.3) indicated a decreased dose sensitivity for low
energy protons (Paper II) i.e. with an increased LET (linear energy transfer).
For photon and electron beams, no energy dependence was reported (Paper VI).
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4.1.1. FeGel dose response and magnetic field strength
Gel samples were prepared with the same composition as in the FeGel
dosimeter (Table I) but certain amounts of ferric (Fe3+) or ferrous (Fe2+) ions
were added in order to simulate various absorbed doses. Samples with no
agarose were also prepared (solution). The relaxivity for the specific ion was
obtained as the slopes of the curves for 1/Tl or 1/T2 versus ion concentration
(Figure 10). The intercepts of the regression lines were close to the initial
agarose relaxation rates, 1/T1O or l/T20 (Figure 10) indicating that little, if any,
of the ferric ions are bound in the agarose structure (cf. Howe, 1988;
examination of Ni2+ ions and agarose).

35

» 25

S 20
o

I 1 5

I 10
5

0

-

slope =

-

1/T2
15.17 s"VmM

slope =

^ ^

1/T1
9.60

3—-"

s"VmM ^ _ _ ^

0.5 1.5

[Fe3+] / mM

Figure 10. Proton relaxation rate (1/Tl open rectangles; 1/T2 filled rectangles)
versus ferric ion concentration (agarose samples, 64 MHz). The ferric ion 1/Tl
relaxivity, determined as the slope of the curve was 9.6 s'mM"'. The corresponding
1/T2 relaxivity was 15.2 s'mM1.

The samples were evaluated at three magnetic field strengths (0.25, 0.95 and
1.5 T) as described in section 3.5. The dose response is proportional to the
difference between Fe3+ and Fe2+ relaxivity (Equation 1) i.e. the difference in
slope (Figure 10). Thus, the results of the investigation are presented using this
parameter (Table VI).
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Table VI. Difference in relaxivity between Fe3* and Fe2+ ions.

Samples

Gel
Gel
Solution
Solution
Gel
Gel
Solution
Solution
Gel
Gel
Solution
Solution

Frequency
(MHz)

10.6
10.6
10.6
10.6
40.5
40.5
40.5
40.5
63.6
63.6
63.6
63.6

Parameter

1/T1
1/T2
1/T1
1/T2
1/T1
1/T2
1/T1
1/T2
1/T1
1/T2
1/T1
1/T2

Relaxivity
difference
(s J/mM)

10.3
11.0
10.3
10.7
8.6
11.9
8.1
11.2
9.1
14.6
8.8
14.0

Ratio T2/T1
relaxivity

1.07

1.04

1.38

1.30

1.61

1.49

The relaxivity in gel and solution was similar for all magnetic field strengths,
within 6% and 8% for ferrous and ferric ions, respectively. However, the
relaxivity in agarose gel was always higher than in the corresponding solution.
This implies that there is a fraction of the ions with an enhanced relaxivity in
the agarose (Howe, 1988). When gelatine and ferric ions are used together, the
relaxivity for ferric ions is significantly reduced compared with the result in
solution (Audet and Schreiner, 1997).

Using a field-cycling relaxometer, 1/T1 was measured over a large magnetic
field strength range (section 3.5.4). A given amount of ferric ions enhances the
relaxation rate about 20 times more than the same amount of ferrous ions (1/T1,
10MHz) and will completely dominate the change in 1/T1 dose response.
Further, the ferrous ion relaxivity is less sensitive to change in magnetic field
strength (Audet, 1995). Hence, only ferric relaxivity was measured using the
field-cycling method. Two FeGel samples (Table I) were prepared, one
background sample with no ferric ions added and one with a 0.15 mM ferric ion
concentration. 1/T1 was then measured at each magnetic field strength (section
3.5.4). The 1/T1 relaxivity for the ferric ions was calculated by subtracting the
NMRD curve for the background (agarose) sample from the corresponding
ferric ion results (Figure 11). The dose response will vary as indicated by the
change in ferric ion relaxivity (Figure 11). For comparison, the results obtained
using the Praxis II (0.25 T) and the two Siemens MRI scanners (0.95 and 1.5 T)
were included in Figure 11. A theoretical curve (Koenig and Brown, 1984) was
calculated and is also included in the figure. The calculation method has been
described in detail elsewhere (Johansson and Olsson, 1993).
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Figure 11. Ferric ion (top curve) and ferrous ion (bottom curve) 1/T1 relaxivity in
dosimeter gel versus magnetic field strength obtained using a field-cycling
relaxometer (filled circles), Praxis II (10.6 MHz, diamonds), Siemens Impact (40.5
MHz, triangles), Siemens Vision (63.6 MHz, rectangles) and calculations (line).

The MRI units commonly used today operate between 0.5 T and 1.5 T, and in
this interval there is no significant change in 1/T1 relaxivity or dose response
(Figure 11). Considering only the 1/T1 relaxivity properties of ferrous and ferric
ions, the optimum field strength would be below 0.1 T. MR scanners operating
at this magnetic field strength are known to exhibit an increased stochastic noise
level compared to high field scanners (cf. Hendrick and Raff, 1992). Thus, the
optimum field strength for the dose response will not necessarily result in the
best absorbed dose measurements.

There is potential for a significant increase in dose response using 1/T2 instead
of 1/T1 at higher magnetic field strengths. At the common clinical field strength
of 1.5 T an increase in dose response of at least a factor of 1.5 can be expected
on the basis of the relaxivity measurements in this study (Table VI). This is in
accordance with other studies using ferric and ferrous ion solutions (Duzenli et
al., 1994). However, this should not be the only reason to choose 1/T2. The
imaging parameters have to be optimised with respect to FeGel measurement.
Some of the important considerations are stochastic noise, image plane non-
uniformity and image artefacts. If any of these are likely to considerably
influence the final 1/T2 dose image negatively more than a corresponding 1/T1
image, the gain in dose response could be reduced or eliminated. Thus, further
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studies are needed to decide whether 1/T2 is superior to 1/Tl in practice (cf.
Kron et al., 1993, Paper VI).

4.2. PoGel dose response
A linear 1/Tl and 1/T2 dose response was found from 0 to 8 Gy (Figure 12,
Paper III). 1/T2 was about five times more sensitive per unit dose than 1/Tl
(slope 0.23 and 0.045 s"'Gy"', respectively; 10 MHz). Other authors have also
presented dose response results using the same gel composition as in this study:
using 1/Tl (Baldock et al., 1998) the slope was 0.0285 s'Gy"1 and using 1/T2
(Maryanski et al., 1994, Oldham et al., 1998b) the slope was 0.25 and 0.23
s'Gy"1, respectively. Different evaluation methods, magnetic field strengths and
temperatures can explain the differences in reported 1/Tl and 1/T2 slopes. The
slope of the dose response curve for 1/T2 has been reported to increase with
increasing magnetic field strength (Maryanski et al., 1993). However in Paper
III the inverse relationship was found. Studies are still needed to evaluate the
basic dose response properties of the PoGel.

0.0
10

Absorbed dose / Gy

15 20

Figure 12. Relaxation rate (1/Tl open rectangles; 1/T2 closed rectangles) versus dose
for the PoGel (from Paper III data, 10.6 MHz, Praxis II).
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For PoGel the relationship between relaxation rate and absorbed dose (cf.
Equation 4) is very similar to the phenomenon observed when an increased
grade of solidity is produced using increased fractions of a gelling substance.
There is a linear 1/T1 and 1/T2 relationship with gelatine (Audet, 1995) and
agarose concentration (Christoffersson et al., 1991). 1/T1 is much less sensitive
than 1/T2 to these changes in rigidity (Walker et al., 1988). This property
corresponds to a gelling relaxivity, i.e. an increase in relaxation rate with
increasing gel concentration (s"'/% by weight). The observed relaxation
properties were suggested to be the result of an exchange and/or dipolar
coupling between the two compartments of free water and water residing on the
polymer i.e. in a semi-solid pool (Maryanski et al., 1997). However, further
studies are needed to completely explain the basic relaxation processes in
PoGel.

Recently, PAG systems with no gelatin gel were studied, and the proposed two-
compartment model investigated using magnetisation transfer measurements
(Gochberg et al., 1998). It was concluded that water proton relaxation is highly
dependent on the precise nature of the functional groups (e.g. acrylamide) and
on the pH. Thus, the dose response can be improved by replacing the
acrylamide with a substance better at enhancing 1/T2. Acrylic acid has proved
to be such a substance (Maryanski et al., 1996), and there may be others that are
even better.

Figure 13. Photograph of PoGel samples irradiated with 0, 2.5 and 5 Gy (from Paper
HI).
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There is an increasing opacity with increasing dose in the samples (Figure 13).
The number of locally created clusters of highly cross-linked polymers is
associated with this opacity and a high fraction of the cross-linking component
(>30% N,iV-methylene-bisacrylamide) is needed to obtain such clusters
(Kennan et al., 1996). Using laser scanning, the opacity can be used to measure
the dose and promising results were recently presented using this evaluation
method (Gore et al., 1996).
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5. Basic depth dose data
The FeGel and PoGel were used for single electron and photon beams (Paper I
and Paper III, respectively) and FeGel recently also for proton beams (Paper II).
Results were compared with conventional detectors (described in section 3.4) as
well as with Monte Carlo calculations for one electron beam (Paper I).

5.1. FeGel

5.1.1. Photon beams
The FeGel depth dose data for a 5 MV beam exhibited significantly reduced
stochastic noise compared with earlier results (cf. Olsson et al., 1990). This
improvement enabled detailed information throughout the examined volume.
For the photon beam, close to the surface, the FeGel data underestimated (by 2-
4%) the dose compared with the silicon diode detector measurement, provided
that the depth dose curves were normalised at the reference depth (Paper I). The
difference was probably the result of a minor shortcoming of the FeGel system,
due to remaining non-uniformity in the dose image (Magnussson et al., 1998),
and overestimation of the dose using silicon detectors in this region (IAEA,
1996). At greater depths, closer agreement (1%) was found. The lateral dose
profiles differed by only 1% or 2 mm.

The number of publications with basic beam data is limited but similar results in
the build-up region have been presented for photon beams (Hefner, 1991).

5.1.2. Electron beams
As a first idealised set-up, with a large source to surface distance and no
electron applicator, the central depth dose of an electron beam (10 MeV) was
measured. The large air gap and the absence of an applicator minimise the
amount of scattered electrons from the treatment head. The resulting relative
doses measured with the ionisation chamber, silicon diode detector and FeGel
coincided very well (within 1 % or 1 mm spatial deviation) (Paper I).

For a standard electron beam, with a source to surface distance of 95 cm, the
FeGel overestimated the absorbed dose at the dose build-up region (2 %). The
number of low-energy electrons at shallow depths is higher in this set-up
compared with the idealised set-up above. This effect was simulated using
Monte Carlo calculations and the FeGel was found to best reflect the theoretical
results (Figure 14). This result was further supported by the fact that the silicon
diode detector is known to exhibit a small energy dependence (i.e. decreased
dose response) for electron energies <5 MeV (Heydarian et al., 1993). However,
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the lateral dose profiles obtained with the silicon diode detector and the gel
differed by less than 1% (Paper I).

The overestimation of dose at shallow depths using FeGel and electron beams
has been noted previously (Olsson et al., 1990). However, the presence of a
large amount of stochastic noise in these data made further evaluation
impossible.

100-

0.2 0.4 0.6 0.8

Depth / Rp

1.0 1.2 1.4

Figure 14. Central depth-dose curves for a 10 MeV electron beam, measured with
FeGel (open rectangles) and a silicon diode detector (solid line); and calculated using
Monte Carlo methods (broken line). The curves were normalised at the depth of
maximum dose and scaled with respective Rp (from Paper I).

5.1.3. Proton beams
For proton beams, FeGel results underestimated the absorbed dose in the Bragg
peak region significantly (by 15-20%) (Paper II). The underestimation was
mainly explained by an LET dependence of the signal per unit absorbed dose, a
well-known property of Fricke solutions (cf. Fricke and Hart, 1966). This
assumption was further supported by Monte Carlo calculations. The previously
reported change in dose response with agarose concentration for protons (Di
Capua et al., 1997) was not found. Earlier FeGel studies (Di Capua et al., 1997,
Gambarini et al., 1997) were not able to discover the LET effect found in Paper
II, probably due to the large uncertainty in their absorbed dose determination.
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5.2. PoGel

5.2.1. Photon and electron beams
For central depth dose measurements, the PoGel results were found to be in
close agreement with silicon diode data (within 3%) for both electrons and
photons (Paper III). This was in accordance with previous results (Maryanski et
al., 1994). It was further found (Paper III) that a background MRI evaluation of
the unirradiated gel phantom was needed to obtain reliable results. The
background 1/T2 image was subtracted from the post-irradiation 1/T2 image,
pixel by pixel, to obtain the absorbed dose. This procedure has previously been
reported to be unnecessary for 1/T2 images (Maryanski et al., 1994, 1996,
Duzenli and Robinson, 1995). The stochastic noise in the PoGel depth dose data
was found to be comparable with that in the corresponding FeGel data.
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6. Treatment planning verification using gel
dosimetry

6.1. Development of a TPS verification method
The developed technique for comparing TPS calculations with gel dosimetry
measurements (Paper IV) can be described as follows (Figure 15). The dose
matrices are matched to coincide using an image processing system. The data
are now available for evaluation and the measured image can be subtracted from
the TPS-calculated image to obtain a deviation matrix. Still using the image
processing system, optional regions can be examined by the use of regions of
interest or line profile tools. The TPS and gel data can also be overlaid and
displayed as individual isodose distributions. Furthermore, arbitrary regions or
volumes for each data set can be examined to compare calculated target dose
distribution with the corresponding measured dose. Comparison of dose volume
histograms obtained from calculations and measurements is thus possible (Paper
V).

Deviation matrix

Calculated
dose matrix Isodose

comparison

Measured
dose matrix

;:: I i: i

•
;

!

DVH verification

Figure 15. Gel dosimetry based TPS verification. The dose data can be compared
either pixel by pixel, using isodose comparison, or by dose volume histogram
evaluation.

Using gel measurements for TPS verification there is a large degree of freedom
when evaluating the dose distributions. For example, graphical three-
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dimensional display methods, such as volume rendering, could be used to
facilitate the comparison of dose surfaces in a complete volume (cf. Figure 1).

6.2. Basic treatment planning verification
The TPS dose estimations for single photon and electron beams were compared
with FeGel dose images (Paper IV). The use of single beams facilitates the
detection and evaluation of fundamental dose differences, an almost impossible
task in complicated treatment regimes (cf. Paper V).

For the single photon beam, the differences between the calculated dose and the
FeGel measurements were mainly within ±2% (Paper IV). However, there was
a somewhat higher discrepancy at shallow depths (2-4%). This difference
between TPS and FeGel was of the same order as reported in Paper I, where
FeGel and silicon diode detector measurements were compared. The TPS data
are known to be in accordance with silicon diode detector measurements
(Knocisetal., 1994).

10 MeV electrons

Figure 16. An absorbed dose image for a 10 MeV electron beam (left) and
normalised isodose curves (right; 90, 70, 50, 30 and 10%) with TPS as black and
FeGel as grey lines (from Paper IV).

The verification method was also used to compare single electrons beam doses
generated by the TPS with FeGel measurements (Figure 16). The calculated

41



absorbed dose was found to be within 3% of the measured dose (Paper IV).
FeGel deviations compared with silicon diode measurements (Paper I) are of the
same order and will thus most likely be present for this TPS verification also,
since silicon diode data are used as a basic input in the calculations. All detected
electron beam differences corresponded to a small spatial dose displacement
(<2 mm, Figure 16). However, the limitations of the TPS in handling the lateral
scatter of electrons outside the primary beam was detected using the FeGel
method (Paper IV), earlier also noted by Blomquist et al. (1996).

Penumbra widths obtained from TPS calculations for both photons and electron
beams were found to agree with the FeGel measured data within 1.5 mm.

It was concluded that the developed FeGel verification method could accurately
determine errors in TPS calculations (Paper IV). ICRU (1987) have
recommended that the computer dose calculations should deviate from
reference dose measurements by less than 2% (or 2 mm spatial displacement).
The FeGel system is able to detect discrepancies of this order of magnitude
throughout a large volume.

6.3. Clinical treatment planning verification
Two clinical treatment regimes were investigated using the FeGel system (Paper
V). The first technique was a simulated bladder cancer treatment and the second
a simulated breast cancer treatment. The TPS calculations were compared with
FeGel measurements according to the method described in paper IV (and briefly
in section 6.1). The whole chain involved in treatment planning from CT
scanning to dose calculation is thereby verified, as the gel phantom is treated
exactly like a patient (cf. Figure 2).

The dose-integrating capacity of the gel dosimeter was clearly demonstrated in
the first clinical set-up, using pixel by pixel comparison (Paper IV), as well as
in a more traditional isodose comparison (Figure 17). The distributions were
found to closely coincide, the isodose curves were for the most parts within
1 mm of each other. The difference between the TPS and FeGel in a simulated
target was +0.6% (mean absorbed dose).

The second set-up (simulated breast cancer treatment) consisted of two different
electron beams and a superimposed photon beam (as described in section 3.3).
This set-up poses a challenge to dose measurements, since there is adjoining
and mixing of beams with different radiation qualities.
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Figure 17. Normalised isodose curves (90, 70, 50 30 and 10%) from the TPS
calculations (grey) and FeGel measurements (black) for a simulated urinary bladder
cancer treatment (from Paper V).

Within the simulated target (Paper V), the mean dose was found to be 99% and
101% for the TPS and FeGel, respectively. In order to examine the differences
in detail the target region was divided into three parts. The abutment region,
where the two electron beam penumbras were combined, was found to alone be
responsible for the detected difference. In this region, the TPS differed from the
FeGel measurements by up to 10%. Dose volume histograms can easily be
obtained from both the TPS and the FeGel data. This unique feature, whereby
dose volume data from one single measurement can be obtained, was
demonstrated (Paper V). The difference in target dose obtained with the TPS
and the FeGel was also seen in the cumulative dose volume histograms (Figure
18).

In an abutment region, the positioning of the beams is critical and may
introduce an additional uncertainty. However, this uncertainty can not
completely explain the differences detected between the calculation and
measurement above (Paper V).
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Figure 18. Target dose volume histograms for a simulated breast cancer treatment,
measured (A) and TPS-calculated (B).

For single electron beams the TPS was found to have certain limitations (Paper
IV). These limitations correspond to a lower dose in regions outside the primary
beam i.e. in the penumbra. Thus, in an abutment region between two electron
beams the TPS will underestimate the absorbed dose. This was verified by the
results of the FeGel measurements. However, the gel measurements should be
considered as a "snap-shot" of a typical single treatment. To test the
reproducibility of the dose distribution in the abutment region, repeated
measurements have to be performed.
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7. Uncertainty estimations
The contributions to uncertainty of the different steps included in FeGel relative
absorbed dose measurements (Figure 19) were evaluated according to the
guidelines given by the International Organization for Standardization
recommendations (ISO, 1995) (Paper I). The uncertainty was divided into two
categories, according to the way in which its numerical value was estimated:

> Type A uncertainty determined by statistical methods.

> Type B uncertainty determined by other means, e.g. estimated or obtained
from a calibration certificate etc.

In step 1 (Figure 19), the gel is produced and if a linear and spatially uniform
1/T1 dose response is assumed (cf. Olsson et al., 1991, Paper III), the
uncertainty introduced by this step is negligible. The next steps include MRI
acquisition (step 2, Figure 19) and background subtraction (step 3, Figure 19) as
suggested by Olsson et al. (1990) to obtain the final absorbed dose image.

Stepi

Gel preparation L

Step 2

MRI Evaluation
Inirradiated gel)

Irradiation

MRI Evaluation
(Irradiated gel)

Step 3

1/T1 Calculation

\
I Image Subtraction I—»

/

Absorbed
dose

image

•H/T1 Calculation

Figure 19. A schematic description of the procedure used for the FeGel system,
including the background subtraction (from Paper I).

The type A standard uncertainty from steps 2 and 3 (Figure 19) at zero dose was
measured as the relative standard deviation within randomly positioned regions
of interest in the pre-irradiated 1/T1 image (method from Hendrick, 1993). To
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simulate the dose variations in an irradiated phantom, standard samples with
varying Tl (and T2) were examined in the same way. The type B standard
uncertainty was estimated from profile measurements after background
subtraction (as described in Paper I). The uncertainties were then combined to
achieve an expanded (total) uncertainty for various dose levels. This expanded
uncertainty, corresponding to a 95% confidence level, was found to be less than
3.3% for low doses and 1.6% for high doses. This uncertainty in the relative
dose determination includes all steps introduced by the FeGel method and
corresponds to a minimum detectable dose better than 0.6 Gy (defined as three
standard deviations above background; ICRU, 1972). It was further shown that
to achieve the reported uncertainty level, background subtraction was needed,
even if the type A uncertainty thereby was increased.

The uncertainty in measured absorbed dose using PoGel was estimated to be
3% for high doses and 10% for low doses (Oldham et al., 1998a). These results
are not completely comparable to the evaluation presented in Paper I as no type
B uncertainty was included. It should also be noted that the uncertainty was
obtained using a standard MRI acquisition scheme. Thus, it is most likely that
this uncertainty can be reduced. The total MRI evaluation time can, for
example, be increased to reduce the stochastic noise level, as the PoGel exhibits
no problem with diffusion of the radiation-induced products. However, other
limitations are then introduced, the polymer gel is very sensitive to temperature
changes and it is difficult to keep the temperature constant. In addition, the
electronics of the MR scanner may not be stable when used continuously for
several hours. Preliminary uncertainty estimations for a slightly modified MRI
evaluation indicated a somewhat better stochastic level noise in small regions of
interest 2% (Type A; relative standard deviation). Further, there were
indications that background subtraction was needed to obtain reliable results for
PoGel (Paper III).
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8. General discussion
In radiation therapy there are many dosimetry challenges, e.g. positioning of the
patient, absorbed dose measurements in vivo and verification of treatment
planning dose distribution.

This thesis has focused on the latter subject: to examine the possibility of
complete verification of a treatment plan using gel dosimetry and MRI.
Conventional detectors as silicon diode detectors and ionisation chambers, are
preferably used for basic relative depth dose or lateral profile measurements and
absolute dose determinations in water, respectively. The main opportunity for
the gel dosimetry is thus associated with the three-dimensional properties of the
gel, i.e. the capability to ideally mimic a patient with regard to shape and atomic
composition. Dose measurements in a volume near an interface between two
media, in the dose build-up region, using several beams of mixed radiation
qualities and/or dynamic treatments are complicated tasks not easily performed
using conventional detectors. Gel dosimetry has the potential to be used in all
these cases and thus to solve a number of dosimetry problems. At present, the
gel method is certainly useful in the examples of several beams (Paper V,
Oldham et al, 1998a) and dynamic treatment (Bengtsson et al., 1996). Since the
gel detector is dose-integrating and no additional phantom material is needed, it
serves both as a water-equivalent phantom and detector (Olsson and Mattsson,
1991, Chan and Ayyangar, 1995a, Keall and Baldock, 1998). The shape of the
phantom can further be chosen arbitrarily and a spatial resolution in the order of
millimetres is feasible (cf. Paper VI). No other detector system has all these
advantages.

Other dosimeters have been used together with a gel. A soft-tissue-equivalent
agar-gel phantom in which alanine crystallites were suspended has been
developed. However, samples must be extracted from the phantom to obtain the
absorbed dose. The samples further have to be large in two dimensions
(typically 1 x 3 cm2) and the phantom irradiated to absorbed doses above 200
Gy (Ciesielski et al., 1996). TL dosimeters can be used together with an
anthropomorphic phantom (Dunscombe et al., 1996) but only a certain number
of points can be measured with commercially available systems. The ability for
three-dimensional dosimetry using these detector systems is thus limited as the
adequate spatial resolution in complicated treatment regimes, with steep dose
gradients, is in the order of millimetres. Furthermore, they exhibit an energy
dependence. The improved FeGel uncertainty (Paper I) indicates that accurate
dose measurements can be performed close to interfaces and possibly also
within gels with a changed density, e.g. simulating lung tissue (Scherer et al.,
1998). Using various additives the mean atomic number of a Fricke solution can
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be increased without affecting the dose response (Spinks and Woods, 1975). A
similar modification of the FeGel has not been considered. However, much
effort has to be put into the development of phantoms suitable for this kind of
gel measurement and with special concern for the MRI evaluation.

One limitation shared by both the FeGel and the PoGel method is related to the
use of an MRI scanner, a clinical system not commonly used to acquire images
with the demands required for dosimeter gel measurements. High precision and
image non-uniformity seem to be the single most crucial parameters
(Magnusson et al., 1998). The MRI area of gel dosimetry deserves more
attention (Paper VI). Another approach is to use the light scattering properties
of either a modified FeGel (Kelly et al., 1998) or PoGel (Gore et al., 1996) to
detect the dose distribution. The advantages of these methods are the simplicity,
the fact that no expensive MR scanner is needed, and that high spatial resolution
can be achieved. However, the present overall precision is not as good as for
MRI-evaluated gels (Paper VI). Furthermore there are difficulties involved for
large phantoms (with possible inhomogeneities), and other light scattering
aspects must be taken into consideration when reading off the dose distributions
using light or laser scanning devices.

In this thesis, gel dosimetry has been used to measure absorbed dose
distributions in radiation therapy. The uncertainty in the relative absorbed dose
determination (Paper I) was considerably improved compared to earlier results
(Olsson, 1991). Regarding uncertainty, the FeGel system is comparable to other
methods, such as TL detectors (Kirby et al., 1992). Small differences (1-2%) in
the dose distributions obtained by gel and other detectors can be found due to
the reduced noise level in the FeGel data (Figure 20A). In 1989 (Figure 20B) it
was impossible to detect details in the measured dose distributions. An
optimised MRI acquisition scheme and a new MR scanner accomplished this
improvement (Paper I).

The FeGel method was investigated for proton beam measurements. The 1/T1
change per dose unit of the gel system was found to decrease close to the end of
the proton range. This behaviour can be explained as an LET dependence, a
property expected from corresponding Fricke solution measurements (Paper II).
TL detectors (Carlsson and Aim Carlsson, 1970) and alanine dosimeters
(Hansen and Olsen, 1985) also exhibit an LET dependence for heavy, charged
particles.
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Figure 20. Gel dose data from 1998 (A) and 1989 (B). The central depth-dose curves
for a 5 MV (A) and 8 MV (B) photon beam measured with FeGel (open rectangles)
and a silicon diode detector (line). The curves were normalised at the reference
depth.

A new technique for analysing and comparing TPS data with results of gel
measurements, using the dose matrices from both systems, was developed
(Paper IV). Verification can be performed using an image processing system,
which enables isodose-, pixel by pixel- and region of interest comparison. The
latter capability can be generalised to examination of the calculated dose in an
arbitrary volume, and comparison with the corresponding measured dose
distribution (cf. Chan and Ayyangar, 1995b, Haraldsson et al., 1998). The
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evaluation opportunities were demonstrated for two clinically relevant set-ups
using the FeGel detector. Overall there was good agreement between the TPS
and gel data, although the dose volume histogram from a typical slice revealed
some discrepancies between the methods (Paper V). It was difficult to
determine the source of the detected differences. It was therefore recommended
that single beam verification should be performed at an initial stage in order to
examine the fundamental differences between TPS and gel measurements
(Paper IV). Furthermore, to be able to completely distinguish dose differences
from accelerator output variations, new methods of dose normalisation are
needed. That is, some regions in the gel should be dose calibrated or ideally
output factor normalised (Weber et al., 1996). An absolute dose calibration
method using the complete depth dose curves of two additional gel phantoms,
was recently proposed (Oldham et al., 1998b). The depth doses were then
calibrated against ionisation chamber measurements. "Golden standard" dose
measurement in three dimensions are also needed for different applications to
provide equivalent data for comparison with the gel measured dose distributions
(cf. Paper I).

The diffusion of the Fe3+ ions in the FeGel system (see e.g. Pedersen et al.,
1997) certainly restricts its use and development. Irradiation and MRI scanning
must be performed within a certain period of time. Further, duration of both the
irradiation and the scanning must be limited. Otherwise, due to diffusion, the
blurring of steep dose gradients will be significant. However, in the FeGel
results presented here, effects of diffusion were negligible for electron and
photon irradiation (Papers I, IV, V). This was in accordance with previous
studies (Olsson et al., 1992). Even for proton beams the effects of diffusion
were limited (Paper II). For PoGel, diffusion is no problem (Maryanski et al.,
1993). Thus it is obviously preferable to use the PoGel system in certain cases.
For example, low dose rate brachytherapy implies long irradiation times, and
FeGel is therefore hardly appropriate. There is also opportunity for prolonged
MRI acquisition to improve the uncertainty in the final dose images.

There are a number of drawbacks of the PoGel as well: for example it is
complicated to produce and difficult to handle, highly toxic and expensive
(Paper III). PoGel is in addition further not extensively examined in the
literature. Only two groups have published basic dose data from single beam
measurements (Maryanski et al. and more recently Oldham et al.). The FeGel
on the other hand is a well-established system with known limitations that can
be taken into account. Further studies are needed to choose the appropriate gel
system (FeGel or PoGel) for specific applications (Paper VI). The opportunity
to use gel dosimetry in the build-up region (cf. Paper I), and close to the
interface between two media with a large difference in density (cf. Thomas et
al., 1992, Danewid et al., 1997) also needs closer investigation.
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The future work on gel dosimetry are suggested as below (in no special order):

Development of a normalisation procedure to achieve complete absorbed
dose TPS verification using gel dosimetry.

To use gel dosimetry and MRI in clinical applications, such as
brachytherapy, using homogenous phantoms, and in external radiation
therapy together with new phantoms with cavities of different density.

To use gel dosimetry for evaluation of dynamic treatments e.g. scanned
proton beams.

Optimisation of the MRI evaluation procedure to further improve the
uncertainty in absorbed dose determination, using both the FeGel and the
PoGel.

Basic investigations and further development of the PoGel system.
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9. Conclusions
Single electron and photon beams were evaluated using FeGel and the dose
distributions were found to be mainly within 2% of conventional detector
results (Paper I). However, at shallow depths larger differences were present.
For proton beams, the FeGel was found to exhibit a decreased 1/Tl dose
sensitivity close to the end of the range of the protons (Paper II). This
corresponds to an LET dependence of the FeGel.

A TPS verification method using gel dosimetry was developed. Single beams
(Paper IV) and clinically relevant treatment regimes (Paper V) were
investigated. The TPS system was found on the whole to be within 2% or 2 mm
dose displacement of the corresponding measured dose distributions. The FeGel
detector is able to detect dose levels of this order of magnitude. The overall
uncertainty of the FeGel was considerably reduced, to less than 3.3% for all
dose levels (95% confidence level) (Paper I).

A PoGel method was adapted and a linear (0-8 Gy) dose response was found for
both 1/Tl and 1/T2. Depth dose measurements were within 3% of silicon diode
detector results (Paper III).
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