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1. Introduction

In a previous study we discussed the application of gel dosimeters in the
determination of three dimensional dose distributions1. Two kinds of dosimeters
were proposed. We focused mainly on the Fricke gel dosimeter. Special attention
was paid on the major disadvantage of these gels. The ferric and ferrous ions may
diffuse in the gel. As such a lack of spatial accuracy can be observed.
A second kind of gel is the polymer-gel. The BANG2-gel is composed of the
comonomers NjN'-methylenebisacrylamide and acrylamide. The BANG-gel is
bubbled with nitrogen to expel oxygen and the gelmatrix is formed by gelatine.
This kind of gel performs a more stable behaviour than the Fricke gel dosimeter.

The dose-response was measured for different sets of test tubes. Depth dose
profiles were performed and compared with PDD-curves. The dependence of the
dose-response on temperature was observed.
The gel dosimeter was used in three different clinical applications and compared
with planning and the outcome of other dosimetry techniques.

2. Materials and methods

2.1. The comonomers
(3% (w/w) acrylamide, 3 % (w/w) N,N'~methylenebisacrylamide)

Acrylamide and N,N'-methylenebisacrylamide are dissolved in a gel
composed of gelatine and water. Both monomers were obtained from Sigma-
Aldrich and were of electrophoresis grade. By irradiation, the comonomers are
polymerized to polyacrylamide (Figure 1). Because of the presence of the cross-
linking agent, NjN'-methylenebisacrylamide, three dimensional polymer networks
must be formed. It is supposed that the three dimensional polymer networks
consist of small spherical aggregates3. The higher the deposited radiation dose,
the larger the number of three dimensional polymer aggregates that are formed.
The small polymer aggregates are not able to diffuse through the gel matrix. The
chemical propagation reaction only takes place very locally at the site of initiation.
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This must result in a proportional behaviour between the T2 relaxivity and the
radiation dose.

N.N'-mclhylcnebisacrylamidc

Fig. 1. The polymerization reaction of the monomers through irradiation

2.2. The gelatine (6 % (w/w) gelatine)

Gelatine was fabricated by Systems Bio-industries BENELUX and was
obtained from animal skin tissue by partial hydrolysis of collagen. It contains all
human amino-acids with the exception of tryptophan (Figure 2). The molecular
weight of the gelatine co-polymers lies between 10.000 and 100.000 Dalton4. The
gelatine has two functions. At first the gelatine network must hold the resulting
polymer aggregates that are formed after irradiation. The mesh of the gelatine
polymer network must be smaller than the polymer aggregates. Secondly, the T2-
value of gelatine is large compared to the T2-value of sacharide gels such as
agarose or pectin. The major advantage is that the measuring range in R2-values
is larger and thus a higher signal-to-noise ratio is achieved in the R2-images.
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Fig.2. Chemical structure and components of gelatine

2.3. The manufacturing

The amount of water was divided up in two equal amounts (Figure 3). The
monomers were dissolved in the first part. To dissolve the cross-linking agent the
solution must be heated to about 50 degrees of Celsius. The gelatine was dissolved
in cold water in which the gelatine was able to swell. After the swelling of the
gelatine particles the gelatine solution was heated to 45 degrees Celsius. As such
the gel-to-sol transition of the gel was obtained. The two solutions were bubbled
by nitrogen to expel oxygen. After heating both solutions, the solutions were cooled
down to 30 degrees1 Celsius. Then the solutions were mixed and the remaining
solution was bubbled by nitrogen again. All processing steps were completed in
one set-up equipped with airtight recipients, temperature and oxygen meters and
pumps (Figure 4). The final gel was pumped over to the humanoid phantom
recipient. This recipient was composed of PVC plate. The filling of the humanoid
phantom was performed in a nitrogen atmosphere. The filled phantom was placed
in a refrigerator in which nitrogen was flushed. The oxygen concentration was
controlled by use of an oxygen measuring indicator.

195



C Cooling down "\

30 degrees Celsius/

Pilling of
humanoid
recipient

Cooling down
in refrigerator

Fig, 3. Functional scheme of the manufacturing of the BANG dosimeter gel

Fig, 4, Laboratory set-up for manufacturing of the BANG dosimeter gel
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2.4. The irradiation

The dosimeter gels were irradiated isocentrically by a 6 MV photon beam
produced by a linear accelerator type Philips SL75-5, with a dose rate of about 360
cGy/min. The gels were exposed to a maximum dose of about 10 Gy. In one case
the radiation was done by beam intensity arc therapy.

2.5. The MR-scanning

The gels were scanned on a Siemens 1.5T clinical MR-scanner. A spin echo
sequence performing 32 echoes was used. The echoes were equally separated by
50 ms. CPMG encoding was done to compensate for multiple stimulated echoes.
A repetition time of 5 seconds was used to ensure total Tl relaxation for each
phase line. The total measurement time for a relaxivity image was 42 minutes.

2.6. The post processing

The set of 32 different T2-weighted images was transferred to a DECstation
5000/200 on which the resulting R2-images were calculated by exponential fitting
through the Levenberg-Marquardt algorithm5. The relaxation time and the
magnetization density were fitted on a pixel-by-pixel basis. After rescaling of the
relaxivity images based on the dose response relation, dose images were obtained.
The dose response relation was obtained by test tubes irradiated at different
doses. A second method is to compare the relaxivity images with dose maps of the
same region but obtained by other independent dosimetry techniques such as
thermo luminescent dosimeters (TLD's) or film dosimetry. All other calculations
were performed on the same DECstation.

3. Results

3.1. The dose response relation

The dose response relation was determined by irradiating test tubes filled
with the BANG dosimeter gel at several doses. During irradiation the tubes were
placed in a cubic water phantom (22 cm x 22 cm x 22 cm) used for daily dose
verification by use of an ionization chamber. The test tubes were irradiated at the
calibration depth of 5 cm. After irradiation, the tubes were placed in a cylindrical
recipient through which water is pumped (Figure 5) that was cooled or heated by
a thermostatic bath.
The cylindrical recipient containing the test tubes was positioned in the MR
scanner and the 32 differently T2-weighted images were recorded.
The temperature in the test tubes was measured during the recording of the images.
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Fig. 5, Measurement set-up for measuring at different temperatures

A linear response was found between the spin-spin relaxation and the
irradiation dose (Figure 6a). However this dose response relationship shows a
clear dependence on the measuring temperature. We found a linear dependence
between the temperature and the slope of the dose response curves in the
temperature range of 6.5 degrees to 25 degrees Celsius (Figure 6b). Also the
intercept of the dose response curves is linear dependant on temperature in that
temperature interval (Figure 6c). This temperature dependence is in
correspondence with the theoretical behaviour as predicted by the Bloembergen-
Purcell-Pound theory of nuclear spin relaxation in liquids and the Stokes
relationship between viscosity and the rotational correlation time6 in the
presumed temperature interval.

198



as

4000.0 -

3500.0

3000.0 -

2500.0 -

2000.0

1500.0

1000.0

o — o 6.5 degrees Celsius
a-—o 9.7 degrees Celsius
A-—A 15.5 degrees Celsius

- # 20.5 degrees Celsius
* • - - * 24.9 degrees Celsius

4.0 6.0
Dose [Gy]

10.0

10.9 IS.6 29.9
Temperature (degrees Ctimis]

10.9 15.0 20.6
Temperature (degrees Cc!si»sJ

Fig. 6. (a) Dose-R2 curve at different measuring temperatures.
(b) Temperature dependence of the slope in the dose-R2 curve
(c) Temperature dependence of the intercept in the dose-R2 curve

3.2. Depth dose curves

Two different radiation beams were given at the same erlenmeyerflask filled
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with dosimeter gel. The first beam was a 6 MV photon beam. The second one was
a superficial 50 kV photon beam. (Figure 7)
The MR images were acquired using the standard RF head coil. The field of view
was 150 mm for the lateral view and 120 mm for the cross-sectional view.

Fig. 7. Dose images of the beams after irradiating an erlenmeyer containing the
BANG dosimetry gel.
(left) Image taken in a cross-sectional plane at 1 cm depth.
(right) Image taken in a plane parallel with the beam axis.

3.2.1. The 6MV photon beam

The shape of the beam was rectangular having sides of 4 cm. The maximum
dose was 10 Gy. The depth dose curve was compared with the procentual depth
dose curve (PDD) as recorded with an ionization chamber for the same beam
configuration. The intercomparison was performed by minimization of the mean
square deviation of the R2-depth-profile from the PDD. Three variables were
optimized. The most evident two were the offset and scale that occur in the dose
response relationship. The third variable is the distance at which the depth dose
curve of the gel dosimeter starts. This value was found to be about 4 mm and is
due to the part of the profile that belongs to the glass vessel and that is not seen
on the MR images. (Figure 8)
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Fig. 8. Depth dose profile for a 6MV photon beam.
Circular dots represent the doses recorded by gel dosimetry.

3.2.2. The 50 kV photon beam

The homogenizing filter was made of Aluminium and had a thickness of 1
mm. The source-to-skin distance was 40 mm. The cross-section of the beam had
a circular shape with a diameter of 2 cm. The ion dose of the beam was 5000 R.
The depth dose curve was fitted to a mono-exponential curve and was rescaled
such that the maximum of the fit was at 100%. The half value distance was found
to be at 7 mm. (Figure 9)

0.0 10.0 20.0 30.0
Depth [mm]

40.0 50.0

Fig. 9. Depth dose profile for a 6MV photon beam.
Circular dots represent doses as recorded by gel dosimetry.
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3.3. Cross-sectional profiles

A cylindrical recipient filled with BANG dosimeter gel was irradiated by a
square field having a size of 5 cm. Cross-sectional R2-images were taken at a
depth of 50 mm and at a depth of 100 mm. Again, the obtained images were
compared with measurements performed with a diamond detector that was
scanned in the plane (Figure 10). Restricting to the main axis in the two planes
we become the beamprofiles in X- and Y-direction (Figure 11). The reason that the
profiles are more shaped when measured with the diamond detector must be
sought in some partial volume effect. Notice that the amount of this partial
volume effect is different for X- compared to Y- profiles. The fact that in all
measurements the penumbra is slightly larger when measured with the dosimeter
gel is due to the glasswall (where the beam impinges) that was not taken into
account for the gel dosimetry. The resulting overall root mean square deviation
between the two measuring techniques amounted to 3 % for the X-profiles and 5
% for the Y-profiles.

Fig. 10. (a-f) Dose related images of some planar sections.
a. R2-image parallel to the beam axis.
b. Corresponding dose image obtained after normalisation of (a)
c. Image in (b) after contouring at 10 % dose intervals
d. Image in (b) after windowing at 10 % dose intervals

Corresponding slice in (e) is indicated.
e. Dose image derived from R2-image perpendicular to beam axis
f. Dose image spanned by point measurements with a diamond detector
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Fig. 11. Beamprofiles at two different depths in the water phantom
measured by gel dosimetry and by a scanning diamond detector

(a) Profile in X-direction at depth of 50 mm
(b) Profile in Y-direction at depth of 50 mm
(c) Profile in X-direction at depth of 100 mm
(d) Profile in Y-direction at depth of 100 mm

203



3.4. Clinical applications in conformal radiotherapy:
Treatment verification of a head and neck treatment

Common to the previously mentioned measurements is that they involved
canonical beams. The advantage of these configurations is that they can be verified
by other very quantitative measurements, namely by use of an ionization chamber.
However, this is not the case if humanoid shapes and clinical beams are used.
Until now, we treated three humanoid configurations: macular degenerations in
the eye treatment, head and neck cancer and a prostate tumour. Other dosimetry
techniques were used to verify the three dimensional gel dosimetry technique in
humanoid phantoms. We will restrict ourselves in this abstract to the case of the
head and neck tumour.

Threedimensional moulds of the Rando phantom were made in PVC. The
moulds were filled with the BANG dosimeter gel and closed in a nitrogen
atmosphere (Figure 12). The dosimeter gel was given the considered radiation
treatment and scanned as already mentioned.

Fig. 12. The BANG dosimeter gel for the verification of a radiotherapy
treatment in the lower-neck
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CT scans were taken from the Rando phantom (Figure 13a). The scans were
transferred to the computer in the planning room and a 3D-computer planning
was performed by use of the GRATIS software (Figure 13b). At the places of
interest, corresponding with the target and areas to spare, radiographic films and
TLD's were inserted between two slices of the rando phantom (Figure 14). The
response of each TLD was calibrated individually. The Rando phantom was
irradiated in the same way as the dosimeter gel and as simulated by computer.

Fig. 13. CT images of the Rando phantom and computer planning

Fig. 14. The Rando phantom positioned at the linear accelerator
(Two radiographic films and several TLD's were inserted.)
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A comparison was made between the results obtained by the three different
dosimetry techniques. The doses measured by the TLD-probes were used to
calibrate the other dosimetry methods (Figure 15-16). The scaling and intercept
of the dose response relationship were fitted from those calibration values.
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'0.0 20.0 40.0 60.0

Dose [cGy]
80.0 100.0 120.0

Fig. 15. Optical density versus the dose as measured by TLD's
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Fig. 16. R2 versus the dose as measured by TLD's in one slice
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The resulting doses as obtained by use of the radiographic film and the gel
dosimetry and as predicted by the computer planning were brought in the same
image format. The comparison of the different dosimetry methods was done in two
slices (Figure 17).

a

a

Fig. 17, Overview of the dose images obtained by three different methods
(a) CT images ofRando phantom
(b) Dose images obtained by gel dosimetry
(c) Dose images obtained by radiographic film dosimetry
(d) Dose images obtained by computer planning
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4. Conclusions

The polymerization kinetics of the BANG dosimeter gel are quite complex.
The linear response of the spin-spin relaxation on radiated dose relies mainly on
the formation of small polymer aggregates. The whole mechanism of radical
formation by ionizing radiation, diffusion of the radicals, propagation and
termination reactions remains a source of further investigation.

For canonical beams, the gel dosimetry by a BANG dosimeter gel
corresponds very well with the measurements using an ionization chamber or a
diamond detector.
However, special attention must be paid to the gel temperature during the
acquisition of the T2 weighted images, as the T2 value in the BANG dosimeter gel
is strongly dependent on temperature.

For humanoid configurations, the correlation of R2-values and radiation
dose are obtained using TLD's or radiographic films inserted in a humanoid
phantom, such as the Rando phantom. The dose images have been compared with
the dose distributions calculated by the GRATIS software.
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