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ABSTRACT

Commonly dose-responses of conventional dosimetric methods are affected by a saturation dose and
are known to be limited when the delivered dose is relatively high. In contrast, elastic properties of
polymer-gel dosimeter phantoms play major roles in a new dosimetry technique using magnetic res-
onance elastography (MRE). A single volume of polymer-gel dosimeter solution containing methacrylic
and ascorbic acid in gelatin initiated by copper was prepared. The material was subsequently stored in
cylindrical containers for future use as a biological tissue-mimicking phantom material. The phantom ma-
terial was irradiated with gamma rays, where absorbed doses of 10-50 Gy were delivered. To study the
dynamic elastic behaviour, periodic mechanical external forces of 100-400 Hz were applied to generate
shear waves in the samples. The radiation-induced changes in the shear modulus of the samples were
estimated from wave-displacement images and converted to elastograms. The smallest and largest shear
modulus values were approximately 2.10 £+ 0.64 and 35.26 + 2.85kPa, respectively. The dynamic elastic
response of the polymer-gel dosimeters showed an increased dependency with frequency. A linear rela-
tionship (R?> =0.996) was observed between the integrated area and the absorbed dose of the samples.
The elastograms clearly showed that the largest shear modulus values were in the irradiated region of
the polymer-gel dosimeter phantoms. Quantitative values of the shear modulus of polymer-gel dosime-

ters were estimated using MRE.

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Medical procedures involving radiation therapy (radiotherapy),
such as intensity-modulated radiotherapy (IMRT) [1-3] and sur-
gical planning (stereotactic radiosurgery) [4-6], use sophisticated
equipment. These techniques require rigorous quality control over
the dose to be delivered to the patient [7]. This dose-distribution
complexity means that it is crucial to use a dosimeter device ca-
pable of probing absorbed doses in volumetric form. Radiotherapy
treatment planning usually involves the use of three-dimensional
(3D) medical imaging [8]. Polymer-gel dosimeters can be designed
to mimic the mechanical properties of soft biological tissue and
can be prepared in any geometry [9]. The methacrylic and ascorbic
acid in gelatin initiated by copper (MAGIC)-based gel dosimeter is
one the most popular dosimeters due to its simplistic design and
preparation [10,11]. Thus, it can be used to perform accurate mea-
surement of 3D dose distributions [12]. Many approaches based
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on imaging modalities are used to investigate gel dosimetry and
map the absorbed dose distribution, including optical scanning
[13], X-ray CT scanning [14], magnetic resonance relaxation-time
imaging [15] and US [16,17]. Optical CT scanning is a good option
when cost is an issue. This technique uses the optical attenuation
coefficient as a parameter to correlate changes in this coefficient
with the absorbed dose; however, the proportionality between
them is only suitable under certain dose-limited conditions.
X-ray CT uses the linear attenuation coefficient and gel density
changes as parameters to be associated with absorbed dose. Some
positive characteristics of this technique include its insensitivity
to temperature and its intrabatch reproducibility; however, it is
largely influenced by image noise generated by the tube voltage,
which affects the dose resolution of the X-ray CT gel dosimetry.
Relaxation-time imaging is the most popular imaging technique
for collecting polymer-gel dosimetry data. The most commonly-
used contrast is based on spin-spin relaxation rate to acquire
quantitative R2 maps. Moreover, changes induced by radiation can
affect the mechanical properties of polymer-gel dosimeters which
alter the rigidity of the materials [18]. The dependency of radiation
dose and mechanical properties (i.e. the elastic modulus), which
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are related to the acoustic speed of propagation in a medium,
was first studied by US [16,17]. Similarly, a potential magnetic
resonance-based imaging technique called magnetic resonance
elastography (MRE) was proposed [19,20]. It is an efficient tool
for accurately estimating the shear modulus in tissue samples
[20-24]. Thus, mechanical parameters (i.e. the shear modulus)
may be more sensitive indicators of the absorbed radiation dose
than other conventional imaging parameters [25]; for example, the
contrast in US images is directly related to the bulk modulus, the
most relevant physical parameter related to contrast in CT is the
linear X-ray attenuation coefficient and the contrast in MRI is de-
fined by the longitudinal (T1) and transverse (T2) relaxation times
of the biological tissues. For these imaging modalities, the range
of variation of such physical parameters is significantly less than
one order of magnitude [14,16,26]. Conversely, two-to-three orders
of magnitude can be reached when considering shear modulus as
the physical parameter responsible for imaging contrast [18,27].

Trade-offs of the commonly-used techniques are that: (i) the
poor resolution in the off-axial direction, which is inherent to US
imaging, has limited the accurate quantification of elastic prop-
erties [28], (ii) apart from the specificities of each gel-dosimetry
technique, a common point among them is the dosimetric re-
sponse saturating at elevated doses (i.e. 30Gy) [29,30], (iii) the
high cost of magnetic resonance equipment restricts the use of
the technique and (iv) it is necessary to buy an elastographic mod-
ule for the magnetic resonance system to make the technique vi-
able in a clinic.

This study proposed a method based on the relationship be-
tween absorbed dose radiation and shear stiffness, which was re-
ferred to as magnetic resonance elastodosimetry (MRED). Absorbed
dose distributions and dynamic elastic behaviour was investigated
using polymer-gel dosimeter phantoms with broad range of ab-
sorbed doses.

2. Material and methods
2.1. Dosimetry phantom preparation

A single volume of gelatin solution containing MAGIC polymer-
gel was prepared as described elsewhere [10]. Gelatin powder
(250 Bloom, Gelita®) was added to ultrapure deionised water at
room temperature (25°C) and mixed slowly for 10 min. The so-
lution was subsequently heated to 50°C until a clear and ho-
mogeneous solution was obtained. The hot plate was turned off
and the system allowed to cool down; however, the mixer re-
mained switched on to maintain the homogeneity of the solution.
Methacrylic acid (Acros®), ascorbic acid (Vetec®), copper sulphate
(Vetec®) and formaldehyde (Acros®) were added at a temperature
of 35 °C, as describer elsewhere [9,31]. The gel was stored in an en-
closed cylindrical plastic container (radius x height =45 x 50 mm).

2.2. Phantom irradiation procedure

Five polymer-gel dosimetry phantoms were irradiated with
doses ranging from 10 to 50Gy using a conventional Cobalt-60
photon beam from a Theratron 780C unit (MDS Nordion, Kanata,
Canada). Another phantom was not irradiated and was kept as a
reference phantom. The source surface distance was 800 mm. A
collimator size of 30 x 30 mm? was chosen to produce the irradi-
ated volume on the phantoms. Only the central part was exposed
to the radiation, and the surrounding area was protected from radi-
ation. Parallel-opposed fields (180°) were used to guarantee dose-
distribution homogeneity within the volume.

2.3. MRR theory, image acquisition and processing

A conventional single-spin echo was used to obtain quantitative
R2 maps [3,32]. By changing the echo time (TE), the T2 weighting
in the base images can be varied [33]. The R2 value in each pixel
can be calculated from two differently-weighted T2 images accord-
ing to [15].

A double-echo spin-echo sequence with a short TE (20 and
100 ms) and a long repetition time (TR=4000ms) was used [34].
The field of view (FOV) was 16 cm, the acquisition matrix size was
256 x 256 pixels, the slice thickness was 2mm and the acquisi-
tion time to obtain a slice was 2.50 min, as described elsewhere
[10,33,35].

The mean R2 value was estimated by selecting a region of in-
terest on the entire image of the polymer-gel dosimeter [3].

2.4. MRE theory, image acquisition and processing

In MRE, the generation of mechanical shear waves inside a
sample is an important step and can be achieved using an elec-
tromechanical actuator coupled to the material. In this study, MRE
experiments were performed using an electromechanical actuator,
as a source of sinusoidal external excitation force of a single fre-
quency, coupled to the polymer-gel dosimeters, as described else-
where [20].

Shear waves, with frequencies ranging from 100 to 400Hz,
were induced by the electromechanical actuator applied to
the top of the sample in a steady-state regime. The mag-
netic resonance scanning parameters used were FOV =160 mm,
TE =26 ms, TR=52ms, acquisition matrix =256 x 256, slice thick-
ness =2.0mm, flip angle =30°, phase offsets =4, frequency encod-
ing direction = superior-inferior and acquisition time =45s.

The shear stiffness of the samples was estimated from wave
propagation displacement images via an algorithm described else-
where [36,37].

3. Results and discussions

To verify the absorbed dose distributions, elastograms were
compared to relaxation maps obtained by MRI, as depicted in
Figure 1. The left side of the figure shows the shear wave propaga-
tion images from the MRE experiments, while the middle column
shows the elastograms of the entire phantoms. In these images,
the surrounding region (radiation-free) and the irradiated area can
be easily observed due to wavelength variation. The right panel
showed a set of spin-spin relaxation-rate images. For all driving
frequencies from 100 to 400Hz, the MRE displacement images of
the polymer-gel dosimeters showed wave-pattern variations.

The variation in shear stiffness with frequency in polymer-gel
dosimeters is shown in Figure 2.

The data were fitted using a monoexponential fit. The sen-
sitivities were found to be between 5.64 + 0.23 and 36.74 +
0.28 kPaGy~! for phantoms of 20 and 40Gy, respectively, and
the correlation coefficients were >0.999. The mean sensitivity was
15.10 + 0.37 kPaGy~'. The best correlation coefficient was found
for the gel dosimeter phantom of 10 Gy (R? = 1.000). The sensitivity
of the ‘quasi-linear’ low-dose region (0-10Gy) ranged from 86.03
+ 0.14 to 15.75 + 0.18 kPa.Gy~!.

In quantitative analysis (i.e. dosimetry), calibration curves are
often used to estimate the level of absorbed dose of a sample.
The area under each curve in Figure 2 was computed by integra-
tion at a frequency of 100-400Hz. The estimated areas of each
shear modulus curve were subsequently obtained by subtracting
the value of A;, which was the shear modulus of the irradiated
samples (10, 20, 30, 40 and 50 Gy), from Ag, which was the shear
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Figure 1. (a) Wave patterns of three polymer-gel dosimeters with varying absorbed doses (10, 30 and 50 Gy), where wavelength lengthening in the stiff region is easily
visible. (b) A shear stiffness map estimated from the previous displacement maps of the absorbed dose dosimeters, clearly showing the stiff irradiated region. (c) The

normalised magnetic resonance transversal relaxation rate image.
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Figure 2. Shear stiffness of polymer-gel dosimeters measured by MRE as a function
of five different frequencies: 100, 200, 250, 300 and 400 Hz.

modulus of the nonirradiated sample (0Gy). Therefore five inte-
gral area values were achieved and used to evaluate sensitivity.
A linear fit was applied to the data. Sensitivity was defined as
the ratio between the shear modulus area (A;—Agp) and the ab-
sorbed dose for the specific frequency range. As a result, a lin-
ear response (RZ=0.996) with absorbed dose was observed, as de-
picted in Figure 3.
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Figure 3. Shear stiffness area versus absorbed dose for all frequencies in polymer-
gel dosimeter samples irradiated with 10-50 Gy.

The dynamic elastic behaviour represented by the mean shear
stiffness of the dosimeter phantoms showed growth dependency as
a function of excitation frequency. By fitting a line to the data, it
was shown that the mean shear stiffness (integral area) increased
systematically with increasing absorbed doses, with a correlation
of R?> 0.996 for absorbed doses up to 50Gy. A much better me-
chanical response was achieved using an excitation frequency of
300Hz.
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Figure 4. Shear stiffness profiles obtained from magnetic resonance elastograms,
extracted from Figure 1b.
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Figure 5. The spin-spin relaxation-time profiles from MRI relaxation rate maps, ex-
tracted from Figure 1c.

The profiles depicted in Figures 4 and 5 were drawn from a
central line of interest in the images in Figure 1. The shear stiff-
ness profiles obtained from magnetic resonance elastograms are il-
lustrated in Figure 4.

The shear stiffness curves, dependant on the delivery doses
that are directly related to the image contrast. The bottom profile
shows the shear stiffness found in the control (nonirradiated) sam-
ple. The samples were subsequently exposed to absorbed doses of
10-50 Gy. Hence, the image contrast based on elastic modulus was
more significant as the absorbed dose increased.

The spin-spin relaxation-time profiles from MRI relaxation rate
(R2=1/T2) maps are shown in Figure 5.

In the irradiated region, the elasticity and T2 relaxation rate
were affected by the gel polymerisation produced by the radia-
tion beam. During irradiation-induced polymerisation, monomers
of the polymer tend to aggregate. In such media, the spin-spin
interaction of the protons decreased, which led to a reduction
of T2 values. However, this phenomenon benefits the gel stiff-
ness, which increases proportionally with the absorbed dose. MRE

provides sensitivity with the changing mechanical properties of the
gel dosimeter, which can achieve signals with over two-to-three
orders of magnitude, compared to the R2 relaxation rate.

As stated, quantitative analysis plays major role in dosimetry,
where calibration curves, like Figure 3 are often used to esti-
mate absorbed dose. For this, the response of the system must
be known. In this investigation, the response of the system was
the shear modulus. By establishing the relationship between shear
modulus area (A) under the curve and absorbed dose (D), a re-
sponse factor (RF) can be determined. The RF is proportionality
constant for each dose and is simply the absorbed dose divided
by the shear modulus area (RF=D/A). If samples containing known
absorbed doses are evaluated as a function of excitation frequen-
cies, the curve area can be measured to determine the RF. This pro-
cess is referred to as a calibration. The response can be displayed
on a graph where the x-axis is absorbed dose and the y-axis is
the shear modulus curve area. Therefore the RF is simply the an-
gular coefficient or sensitivity of the fitted curve. Thus, the method
present here is based on the relationship between absorbed dose
radiation and shear stiffness, which was referred to as magnetic
resonance elastodosimetry (MRED).

4. Conclusions

Around the world, MRI has become a popular imaging tech-
nique that can be incorporated by almost all hospitals and clin-
ics in their planning workflows to treat illnesses through radi-
ation. The results obtained in this study demonstrate that MRE
can be used to estimate shear stiffness and dose distributions
in polymer-gel dosimeters. Magnetic resonance elastodosimetry
(MRED) would be beneficial as a complementary technique to con-
ventional dosimetry for measuring absorbed doses. MRED may be
beneficial due to its better performance at radiation levels com-
monly used in radiotherapy and stereotactic radiosurgery treat-
ments. It may play a major role in a new dosimetry investigation
technique by providing accurate information regarding dose quan-
tification based on shear stiffness.
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