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REVIEW OF 3D GEL DOSIMETRY
Recently developed new techniques in radiotherapy e.g. 3-dimensional dose calculation
algorithms, inverse therapy planning, multileaf collimators, stereotactic radiotherapy
and radiosurgery are applications which demand special properties of radiation
dosimeters. All the above mentioned techniques can be included under the heading of
the "conformal radiotherapy". While the modern techniques of conformal radiotherapy
can create rather complicated 3-dimensional dose distributions, there are not available
dosimeters which can continuously measure 3-dimensional absorbed dose distributions
in phantoms in arbitrary geometries and which are capable of integrating the dose.

Almost every known effect of ionising radiation on matter, whether it be
physical, chemical or biological, has been suggested as a basis for dosimetry, especially
if the matter is (or can be made) dosimetrically tissue-equivalent. The latest candidate
for our attention is the magnetic resonance effect, the dosimetric application which has
been pioneered by British (Gore et al) [1], American (Appleby et al) [2] and Swedish
(Olsson et al) [3] workers.

The dosimeter gel and its use together with nuclear magnetic resonance (NMR)
is a new and promising tool and an attempt to satisfy the requirements of the ideal
dosimetry system. The method can be described as is presented in Figure 1. Unlike
every other method of dosimetry, NMR gel dosimetry is totally non-invasive. There is
no need to introduce a probe into the phantom, nor it is necessary to remove part of the
irradiated material for testing because the phantom itself forms the detector. The atomic
composition and electron density of the gel are such that it is quite close to water-
equivalence. The site of measurement is determined entirely by the measuring system,
which can be programmed to scan the complete 3-dimensional dose distribution. By
contrast, the ionometric method, for example, requires not only the introduction of an
air cavity with its enclosing walls but also a supporting structure and connecting cable.
Correction for the resulting perturbations are then necessary - but are not always
applied because of difficulties in estimating their magnitudes. There may also be severe
difficulties in scanning an anatomically shaped phantom with an ionising chamber and
it is usual to confine such measurements to a standard semi-infinite water phantom.
Alternative techniques such as TLD and chemical dosimetry involve transfer of the
detector from the phantom to a measuring device and it is impossible to study the
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complete pattern of dosage except by sampling on a rather coarse grid of points. The
non-invasive character of NMR gel dosimetry means that it is free from these problems,
but it is a relative type of dosimeter.

NMR gel dosimetry shares with the photographic method the property that the
complete pattern of the dose distribution - at least in two dimensions - is preserved and
can therefore be sampled repeatedly and interactively, concentrating on regions of
special interest. However, the introduction of a photographic film represents a
considerable perturbation of the tissue-equivalent phantom and gives rise to severe
problems for quantitative photographic dosimetry. By contrast it is evident that NMR
gel dosimetry has a great theoretical and practical potential for the assessment of 2-
dimensional and 3-dimensional dose distributions - so called "pattern dosimetry.
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Figure 1 Schematic drawing of the use of gel dosimeter for absorbed dose
distribution measurements.
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NMR gel dosimetry can be divided based, on the composition of the gel detector
into two groups: Fricke-infused gel dosimeter and polymer-gel dosimeter.
Fricke-infused eel dosimeter

The dosimeter is formed by Fricke solution which is fixed in a tissue-equivalent
medium represented by a suitable gel (agarose, gelatine). Olsson et al [3] used for
ferrous sulphate solution preparation following components: -1.5 mM of ferrous
ammonium sulphate, 1 mM of sodium chloride and 50 mM of sulphuric acid. Changes
in the ferric ion concentration can be detected by NMR because the conversion of
ferrous ion to ferric in gel after irradiation alters the NMR relaxation times. The use of
Fricke-infused dosimeter gels as dosimeters in clinical applications is limited by the
diffusion of ferric ions through the gel matrix, instability of the gel with time, the low
sensitivity of the dosimeter system, and the variable response of the dosimeter.
Polymer-eel dosimeter

A new type of gel dosimeter for recording radiation dose distributions by NMR,
based on a different, though related principle than Fricke-infused gel dosimeter, was
introduced by Maryanski et al [4] in 1993. This new system is based on radiation-
induced polymerisation and cross-Unking of acrylic monomers which are uniformly
dispersed in aqueous gel. The composition of polymer-gel dosimeter is based on
acrylamide monomer (or acrylic acid) and N,N'-methylene-bisacrylamide cross-linker
fixed in gelatin matrix. The formation of cross-linked polymers in the irradiated regions
of the gel increases the NMR relaxation rates of neighbouring water protons. Therefore,
the radiation-induced polymerisation in polymer gels plays a role similar to that of the
radiation-induced oxidation of ferrous ions in Fricke-infused gels, but with four
important advantages.

First, whereas in Fricke-infused gel dosimeter ferric ion diffusion leads to
significant blurring of the images of radiation fields within minutes after irradiation, in
polymer gel dosimeter the spatial distribution of NMR relaxation rates, which reflects
the distribution of dose, is stable and does not change with time. Therefore polymer gels
may be imaged at any time after irradiation, which is more convenient and results in
greater spatial accuracy, particularly in regions of a high dose gradient.

Second, Fricke-infused gels have an intrinsically high electrical conductivity
caused by the presence of ions from sulphuric acid, sodium chloride and ferrous
sulphate, each at a concentration of the order of 1 mM or more. Consequently, the radio
frequency field is strongly attenuated in these gels, producing significant variations of
the radio frequency pulse flip angle throughout the gel volume and decreasing the
signal-to-noise ratio, both of which impair the accuracy of dose measurements based on
NMR relaxation data. By contrast, the polymer gel dosimeter does not contain ionic
species and it shows insignificant radio frequency attenuation.

Third, polymerised regions can be seen visually, as the cross-linked polymer is
insoluble in water and precipitates from the aqueous phase of the transparent gel, which
therefore becomes increasingly opalescent (and ultimately white) as the radiation dose
increases. Therefore the gel can also be used for qualitative testing by visual inspection,
and possibly, with the use of an optical densitometer, in quantitative measurements.

Fourth, polymer-gel dosimeters are considerably more sensitive to radiation than
Fricke-infused gels. Moreover, their sensitivity increases with the magnetic field
strength, as opposed to the Fricke-infused system. Therefore, at higher imaging fields,
which are increasingly common in clinical practice, the polymer gel dosimeter should
be both more accurate, due to an increased signal-to-noise ratio, and more sensitive.
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However, there are some limitations as well. The first one is the temperature
effect. Whereas the temperature at the time of irradiation does not appear to effect the
dose response, the temperature at the time of NMR imaging has a significant effect. The
second is inhibition effect that oxygen has on the free-radical polymerisation. This
effect can be minimised by using deoxygenated water for gel matrix preparation and
deoxygenated vessel where gel dosimeter is filled into. The vessel for gel dosimeter
should be made from non permeable materials (e.g glass) for atmospheric oxygen to
minimise oxygen inhibition. The third is photopolymerisation effect of the monomers.
This effect can be prevented by covering the gel dosimeter vessel by a light proof cover.

OUR OWN EXPERIENCE WITH 3D GEL DOSIMETRY
Before starting with own 3D gel dosimetry two important quality factors of the

NMR scanner had to be evaluated: spatial distortion effect and absolute and relative
precision of the relaxation time measurements.

The spatial distortion effect (geometric inaccuracy) of NMR image can be caused
by some imperfection of NMR scanner or by investigated object itself. There are two
basic potential causes of geometric distortion relating to NMR scanner: gradient field
nonlinearities and resonance offsets. However, more important is the geometric
distortion caused by inhomogeneity induced by the imaged object. The distortion in this
case depends on both the material present in the imaged volume and the shape of the
structure being imaged. In practise, gradient field nonlinearities and magnetic field
inhomogeneities induced by the imaged object are the two most important sources of
distortion. A special cubical perspex phantom filled by water (water is almost
equivalent to the gel dosimeter composition) with the insert of array of 81 solid perspex
rods (2 mm in diameter and spaced 15 mm) was constructed and attached to the base of
Leksell stereotactic frame. The deviations between stereotactic coordinates based on
magnetic resonance imaging determined in treatment planning system and real
geometrical position given by the construction of an array of perspex rods within the
phantom were evaluated in a series of axial and coronal images. Average deviations in
all performed studies were less or equal than 0.6 mm. Phantom measurements proved
minimal distortion effects for all investigated modalities and therefore no special
corrections of geometrical inaccuracy were father applied. Detailed information about
performed measurements can be found in [5].

Since it was decided to use polymer-gel dosimeter which is after irradiation
much more sensitive to changes in transverse NMR relaxation rate R2 than longitudinal
relaxation rate Ri, it was necessary to evaluate only the relative and absolute precision
of transverse relaxation rate R2 for our NMR scanner. For the assessment of this
precision specially made gel-dysprosium phantoms measured previously on calibrated
experimental relaxometry unit in the National Institute of Health (NIH), Neuroimaging
branch (Bethesda, Maryland, USA) were used. A very good relative precision of R2
measurement was proved by linear dependence (R2 = 0.9987) of R2 relaxation rates on
the dysprosium concentration in the gel phantoms. There were compared absolute
values of R2 relaxation rates measured on our NMR unit with those measured on
experimental unit at NIH. A 5 % difference in absolute values of R2 relaxation rates was
found. However, for gel dosimetry the most important parameter is the relative
precision, since we want to measure a relative dose distribution.

Measurements of geometrical precision and R2 relaxation rates precision proved
that our NMR scanner can be used for evaluation of gel dosimeters.
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Only preliminary measurements of polymer-gel dosimeters irradiated by
different homogenous doses (0-28 Gy) in 60Co gamma cell unit were carried out so far.
Results are presented in Figure 2.

5,0

4,5

4,0

3,5

J7 3,0
A 2,5

Sa,o
1,5

1,0

0,5

0,0
0 5 10 15 20 25

Absorbed dose in gel dosimeter [Gy]
30

Figure 2 Dependence of transverse NMR relaxation rate R2 on the homogenous
dose absorbed in gel dosimeter.
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