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A method for analysing and comparing treatment planning system (TPS) data and ferrous dosimeter gel measurements evaluated with
MRI (FeMRI) was developed, including image processing to final absorbed dose images. Measurements were analysed according to this
method and FeMRI data were thereby compared with the TPS-calculated dose distribution. For photons, differences between FeMRI-
and TPS dose data were mainly within 92%. Minor shortcomings found in both the FeMRI system and the TPS are explained and
discussed. For electron beams, there was an overall good agreement. It was found that the TPS underestimates the lateral scattering dose
outside the primary beam, but the reported dose difference corresponds to a small spatial deviation (less than 2 mm). It is important to
consider this single beam data comparison when the method is extended to more complicated situations, for example when using several
beams.
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ORIGINAL ARTICLE

It is important to verify dose calculations in order to carry
out an optimal radiotherapy. Treatment planning systems
(TPS) are under continuous development with the imple-
mentation of improved dose calculation models, which
may require new verifications (1). Most dosimetry tech-
niques are incapable of 3D measurements. Ionization
chambers and semiconductor detectors are often limited to
be used in water tanks. Other methods (for example film
or thermoluminescent dosimeters, TLD) can be used with
anthropomorphic phantoms, but these methods are time-
consuming, and can present fundamental dosimetric prob-
lems such as energy dependence. A soft tissue equivalent
3D dosimetry system would be of great value in the
validation of treatment plans. The complete dose distribu-
tion in various treatments can be measured with a single
fraction.

The agarose gel system used, based on ferrous sulphate
and evaluated with MRI (FeMRI) has proved to be a
detector with a total uncertainty in the same order of
magnitude as other commonly used detectors (2).

Although ferrous sulphate dosimeter gel (FeMRI) has
been used for TPS verification in some clinical cases (3–5),

single beam verification data are rare. Deviations in basic
dose data measured by FeMRI and compared with TPS
data could be propagated and very difficult to identify and
separate when several beams and/or beams of different
radiation quality are used.

The purpose of this study was to develop a method for
comparison of two-dimensional (dose matrix) TPS-calcu-
lated data with the corresponding FeMRI-measured data.
To evaluate the possible limitations of FeMRI in verifica-
tion of a TPS, we used only basic irradiation geometries
(single beam). The whole clinical chain, including CT
scanning, dose planning and irradiation set-up, was in-
cluded in the dose verification using FeMRI. The dis-
crepancies between FeMRI and TPS data and possible
consequences when the method is extended to more com-
plicated treatment regimes are discussed.

An alternative to a ferrous-based dosimeter gel is to use
a monomer solution with a high concentration of a cross-
linker together with and a gelling agent. The radiation-in-
duced polymerization can also be evaluated using MRI
(PoMRI) (6, 7). Unlike the FeMRI systems, the PoMRI
method is not affected by diffusion of the radiation-
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induced products. However, utilising the beams and the
MRI acquisition protocol proposed in this study, the
FeMRI system can be used without significant blurring of
the dose distribution that is caused by diffusion (8).

MATERIAL AND METHOD

Gel preparation, phantom and MRI-e6aluation

The preparation of the ferrous sulphate dosimeter gel was
based on a previously described method (9). The gel was
poured into a cylindrical perspex phantom, 15 cm in
diameter and 13 cm in height. The cylindrical side walls
were 5 mm thick, and the circular bottom of the phantom
was 2 mm thick (i.e. the beam entrance window). The
MRI acquisition of each phantom was performed twice
(i.e. one evaluation before and one after irradiation) to
enable background subtraction (Fig. 1). This was done in
order to decrease the effects resulting from non-uniformity
of the MRI image plane. The MRI-scanner used through-
out this work was a Philips ACS II 1.5 T, and all the scans
were carried out using the head coil. An MRI-acquisition
protocol consisting of a spin-echo sequence using two
different repetition times (TR=200 ms and TR=1700
ms) was used in order to give an accurate calculation of
T1, pixel by pixel (Table 1). The acquisition protocol is the
result of optimization studies in stochastic noise level in
the calculated T1-image (10, 11).

Irradiation and treatment planning

The dosimeter gel-filled phantom was irradiated using a
Philips Linac SL75/20 linear accelerator. Two irradiation
examples were studied—a single 10 MeV electron beam
and a single 5 MV photon beam. The 10 MeV electron
beam irradiation was performed using a field size of 7×7
cm2 and a source to surface distance (SSD) of 95 cm. The
5 MV photon beam irradiation was carried out using the
field size 8×8 cm2 and SSD=100 cm. The absorbed dose
distributions for these irradiations were calculated using a
TPS, capable of performing 3D dose distribution calcula-

Table 1

Parameters of the MRI-acquisition protocol including two
spin-echo sequence scans with different repetition times

21Scan Number

12Echo time (TE) (ms) 12
1700200Repetition time (TR) (ms)

Number of excitations 28
Field of view (FOV) (mm2) 300×300 300×300

256×256Matrix size (pixels) 256×256
Slice width (mm) 15 15

tions (TMS™-Radix 2.9C, Helax®, Uppsala, Sweden). Be-
fore planning, the gel-filled phantom was CT-scanned and
the image data transferred to the TPS for calculation of
the electron density matrix. In order to make the calcu-
lated two-dimensional dose information available for digi-
tal comparison, the complete absorbed dose matrix had to
be exported from the TPS using the hard-copy file export
routine of TMS™-Radix. The distance between the calcu-
lation points was 2.3 mm in our geometry, and the matrix
size 63×50 pixels, the field of view thereby covering the
main part of the phantom.

Agreement between the calculated absorbed dose matrix
and one-dimensional data was confirmed by generating a
separate horizontal line dose profile with a spatial resolu-
tion of 1 mm for the 10 MeV electron beam using the line
dose routine of TMS™-Radix (12).

Image processing

The MR images from the MRI scanner were first trans-
ferred to a PC computer where the image header and T1
calculation were removed with a specially designed Micro-
soft® Windows 95™ program (13). The resulting T1 im-
ages were then transferred to an Image Processing System
(IPS) (hardware: Digital DEC station 5000/240 and soft-
ware: Analyze™, Mayo Clinic, Rochester, USA) where all
the subsequent image processing of the T1 images was
performed. The absorbed dose matrix images exported
from the TPS were transferred directly to the IPS.

Dosimeter gel images. Using the IPS, all the T1 images
were converted to R1 images (R1=1/T1). This conversion
includes addition of the integer 1 to the image pixel values
to avoid division by zero, and a division where the integer
106 is divided by the image pixel values. The integer 106

was selected to ensure an adequate R1 range (the T1 range
is approximately 100–1000 ms). The background R1 im-
ages were then subtracted from the irradiated R1 images
(Fig. 1). All background subtracted R1 images were ro-
tated by an angle of 0.75°, because of the phantom not
being aligned with the main axes in the MR images. This
rotation procedure included pixel position interpolation.
The rotated image was then normalized to a relative dose

Fig. 1. The evaluation procedure of the FeMRI dosimeter gel
system.
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distribution image. For the 10 MeV electron beam the
normalization point was at dose maximum (22 mm depth),
and for the 5 MV photon beam at 50 mm depth. The
lateral position of the normalization point was at the
centre of the radiation beam for both radiation qualities.
The R1 value in the normalization point was measured
using a small 3×3 pixel ROI. The normalization included
a multiplication of the integer 103 with the pixel values of
the background subtracted image and a division by the R1
value measured at the normalization point. The pixels
outside the inner surface of the phantom are of no interest.
The 256×256 pixel image was therefore truncated to a
new 122×97 pixels image which only contains pixels
inside the phantom, i.e. pixels with absorbed dose informa-
tion. The pixel size was 1.15×1.15 mm2.

TPS images. Using the IPS, the 63×50 pixel absorbed
dose matrix from the TPS was expanded to a 122×97
pixel image. The image was then normalized in the same
manner as the corresponding dosimeter gel image, using
the corresponding normalization points.

Matching the TPS image to dosimeter gel image. To
compare the dose image from the TPS with the corre-
sponding dosimeter gel dose image, the two images were
spatially matched in the lateral direction. Matching in the
depth dose direction was unnecessary because all the dis-
tances being well defined in this direction. Therefore, the
errors in irradiation set-up in this direction are negligible.
The landmark in the two dose images coinciding after the
matching procedure was the point along the 50% dose
level on the right-hand side of the dose distributions,
positioned at the same depth as the normalization point.
The matching procedure was restricted to one side only in
order to exclude errors attributable to the irradiation field
size set-up, and consisted of a lateral translation of the
TPS distribution 3 pixels for the 10 MeV electron beam
and 1 pixel for the 5 MV photon beam. The uncertainty of
the matching procedure is difficult to predict.

In our case the main limitation is probably determined
by the pixel size.

After the matching procedure, one depth dose curve and
one horizontal line profile were obtained from both the
TPS dose images and the dosimeter gel dose images,
positioned to intersect with the normalization points. The
penumbra widths of the calculated and the measured dose
distribution were determined using the horizontal line
profiles.

Isodose curves were also obtained from the TPS dose
images and dosimeter gel dose images using the pixel value
threshold function of the IPS.

RESULTS

The central depth dose curves, the horizontal dose profile
curves and the isodoses originating from the TPS-calcu-
lated and the FeMRI-measured dose matrix were com-

pared for the 10 MeV electron (Figs. 2 and 4a) and the 5
MV photon (Figs. 3 and 4b) beams.

The horizontal dose profile produced using the line dose
data export from the TPS was, as expected, found to agree
with the TPS calculated dose matrix data (Fig. 2b).

For the electron beam, the FeMRI- and the TPS data
were in very good agreement in the central region of the
beam (Figs. 2 and 4a). At shallow depths, differences of up
to 3% were found (Fig. 2a). The TPS input data are
measured using a semiconductor detector and differences
of the same order were found when comparing FeMRI
with a semiconductor detector system (2). This indicates
underestimation of the contribution of scattered electrons
close to the surface using both a semiconductor detector
and the TPS. In the penumbra regions (Fig. 2b), differ-
ences of up to 5% were found, and the corresponding
penumbra widths also differed significantly, 3.7 mm (Table
2). Similar deviations have also been reported elsewhere
(14) and can be explained by the way the TPS handles the
lateral scatter of the electrons outside the primary beam.
However, these discrepancies (best seen in Fig. 4a) were
found in a region exhibiting a very steep dose gradient and
therefore correspond to a small geometric displacement of
the absorbed doses, less than 2 mm.

Fig. 2. Depth doses (a) and horizontal line profiles (b) for the 10
MeV electron beam obtained from the dosimeter gel dose image
(–), from the TPS dose image (– –) and from the TPS line dose
routine (× ).
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Fig. 3. Depth doses (a) and horizontal line profiles (b) for the 5
MV photon beam obtained from the dosimeter gel dose image (–)
and from the TPS dose image (– –).

matrix resulting from subtracting the calculated dose ma-
trix from the FeMRI measured dose matrix could also be
used to evaluate the application. For visualization pur-
poses, the deviation matrix could be coded using a colour
scale (5).

The differences between the TPS- and FeMRI data
found in this study could be of importance when utilizing

Fig. 4. Isodose curves (right side) for the 10 MeV electron beam
(a) and the 5 MV photon beam (b) obtained from the dosimeter
gel dose images (grey lines) and from the TPS dose images (black
lines). The dosimeter gel dose image from which the dosimeter gel
isodoses are obtained is also presented (left side).

Thus, the FeMRI system has good overall capability in
TPS electron dose distribution verification.

For photons, the TPS system is known to be very
accurate (15), but there are some shortcomings in the
build-up region and at greater depths (16). The differences
between FeMRI- and TPS data (Fig. 3a and Fig. 4b) near
the surface (B4%) cannot be fully explained by the short-
comings of the TPS system. FeMRI seems to measure a
lower dose than predicted by other detector systems (2).

Differences at greater depths, indicating that the TPS
system underestimates (B2%) the absorbed dose, are in
accordance with the results found by Knöös et al. (16). No
significant deviations (B1.5 mm) were found when com-
paring the widths of the penumbra region (Table 2).

Thus, FeMRI has good overall capability in TPS pho-
ton dose distribution verification, although at shallow
depths some limitations in the FeMRI system have been
found.

DISCUSSION

A dosimeter gel system can be used to measure compli-
cated treatments, including several beams of various quali-
ties in a single fraction. The optional phantom shape and
the tissue equivalence of the gel are other properties that
make FeMRI an interesting verification tool. A deviation
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Table 2

Estimated penumbra widths (90%–10%, dose maximum) in mm
for 5 MV photons (8×8 cm2) and 10 Me6 electrons (7×7 cm2)

Detector size (mm) 5 MV 10 MeVTool

18.48.5The pixel size is 1.15×Dosimeter gel
1.15 mm2

14.7TPS calculated – 7.0

Sophisticated matching procedures, often used in, for
example, stereotactic treatment (fusing MRI, CT and PET
images), could be implemented to improve the accuracy in
a true 3D verification. External references have to be
present in the images in order to reach an optimum
matching. Further studies will improve this feature, which
is important when using FeMRI in stereotactic treatment.
In this study, using the complete absorbed dose distribu-
tion, no landmarks other than the edges of the phantom
and the outer definitions of the beams were used to
correlate the matrices (as described in Section 2.3).

CONCLUSION

A method for analysing and comparing TPS- and FeMRI
dose images was developed, including image processing to
the final absorbed dose images. The method can readily be
generalized into a 3D comparison. FeMRI for TPS dose
verification in basic irradiation geometries has proved to
be a useful dosimetric tool. Minor shortcomings in both
the FeMRI system and the TPS were found. Nevertheless,
the TPS system investigated in this study was found to be
accurate and well within the limits stated by the ICRU 42.

In order to extend the method to investigate complex
multi-beam treatments and full 3D calculations, this study
and other single beam data comparisons are of great value
in accomplishing a more complete interpretation of the
results.
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