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A B S T R A C T

Rapid technological advances in high-dose-rate brachytherapy have led to a requirement for greater accuracy in
treatment planning system calculations and in the verification of dose distributions. In high-dose-rate bra-
chytherapy, it is important to measure the dose distribution in the low-dose region at a position away from the
source in addition to the high-dose range in the proximity of the source. The aim of this study was to investigate
the accuracy of a treatment plan designed for prostate cancer in the low-dose range using a normoxic N-vi-
nylpyrrolidone-based polymer gel (VIPET gel) dosimeter containing inorganic salt as a sensitizer (iVIPET). The
dose response was evaluated on the basis of the transverse relaxation rate (R2) measured by magnetic resonance
scanning. In the verification of the treatment plan, gamma analysis showed that the dose distributions obtained
from the polymer gel dosimeter were in good agreement with those calculated by the treatment planning system.
The gamma passing rate according to the 2%/2 mm criterion was 97.9%. The iVIPET gel dosimeter provided
better accuracy for low doses than the normal VIPET gel dosimeter, demonstrating the potential to be a useful
tool for quality assurance of the dose distribution delivered by high-dose-rate brachytherapy.

1. Introduction

In high-dose-rate (HDR) brachytherapy, a radioisotope source is
transported directly to a precise location within or near to a tumour
using a remote afterloading system. Iridium-192 (Ir-192) is commonly
used as the radioisotope for the source because of its availability and
high radioactivity. The treatment planning system (TPS) optimises the
dose distributions, establishes safe positions for the source and calcu-
lates the appropriate dwell time. Using HDR brachytherapy, a high dose
can be delivered to a tumour while the surrounding normal tissue is
preserved from damaging radiation by the steep gradient of the dose
distribution away from the source.

The recent introduction of next-generation TPSs that allow image-
guided brachytherapy has resulted in an increase in the complexity of
the dose distribution [1–3]. However, it can be difficult to evaluate the
complicated dose distribution delivered by image-guided bra-
chytherapy by using conventional means, such as film, a thermo-
luminescence dosimeter or an ion chamber, which are limited to a point

or to two dimensions. HDR brachytherapy dosimetry tools with a higher
spatial resolution are required.

Polymer gel dosimeters are expected to serve as three-dimensional
(3D) dosimeters [4–6]. In polymer gel dosimeters, the radiation induces
polymerisation of the monomers in the gel matrix, thereby recording
the radiation dose distribution in three dimensions. Dose data from
polymer gel dosimeters can be measured using imaging techniques.
Magnetic resonance imaging (MRI), optical CT and X-ray CT are com-
monly used techniques [4]. Within a certain dose range, the amount of
polymerisation is directly proportional to the spin–spin relaxation rate
(R2) of the hydrogen nucleus; this means that the absorbed dose fixated
in the polymer gel can be measured using MRI. Approaches to using
polymer gel dosimeters for HDR brachytherapy have been studied for
more than 20 years. In 1996, the dose distribution around a radiation
source using BANG gel was measured in a study by Maryanski et al.;
they reported a good agreement between the evaluated dose distribu-
tion and the TPS calculations for a Ir-192 source in single dwell position
[7]. In 1999, the effectiveness for single source dwell position using
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polyacrylamide gel was demonstrated by McJury et al. [8]. Hurley at al.
reported the use of a high-resolution 4.7 T micro-imaging MR spectro-
meter for the verification of dose distribution using gel dosimetry for
HDR brachytherapy [9]. In the simulation of a real, clinical HDR bra-
chytherapy case, involving multiple catheters and/or source dwell po-
sitions, for example, the verification of absolute dose distributions for a
clinical treatment plan of intravascular irradiation using N-vi-
nylpyrrolidone argon (VIPAR)-based polymer gel was demonstrated in
a study of Papagiannis et al. [10]. Kipouros et al. used VIPAR polymer
gel to measure the relative dose distribution delivered by an HDR
brachytherapy treatment plan for prostate cancer [11]. They reported
good agreement between the dose distribution of the target area, which
was in the high-dose range, and the TPS calculation for a treatment plan
that delivered 20 Gy to the planning target volume (PTV); however,
there was a large deviation in the dose distribution of less than 50%.
The delivered dose per fraction in HDR brachytherapy for prostate
cancer is generally 4–15 Gy, which is higher than that for typical ex-
ternal radiation therapy [3]. When HDR brachytherapy is actually ap-
plied, it is important to measure the dose distribution in low-dose re-
gions (such as the locations of organ at risk) in addition to the high-dose
range near the source.

In recent years, Hayashi et al. have reported a remarkable increase
in the sensitivity of polymer gel dosimeters used with 6 and 10 MV
photon beams by adding an inorganic salt (MgCl2) [12–14]. The sen-
sitivity of the gel dosimeter can be adjusted by changing the amount of
inorganic salt added. Ono et al. have demonstrated the potential of
using a PAGAT type polymer gel dosimeter containing MgCl2 for 3D
clinical dosimetry using a 6 MV photon beam [15–17]. The use of these
highly sensitive MRI-based gel dosimeters increases the signal-to-noise
ratio (SNR), which ultimately leads to a higher precision. However, the
sensitisation effect of adding inorganic salt is not clear for low-energy
photons such as those of the gamma rays from an Ir-192 source
(average energy of 380 keV) [4,14].

The aim of this study was to investigate the accuracy of a treatment
plan designed for prostate cancer in the low-dose range using a nor-
moxic N-vinylpyrrolidone-based polymer gel (VIPET gel) dosimeter
containing inorganic salt as a sensitizer. The fundamental dose char-
acteristics of the gel, such as its dose sensitivity and the dose rate de-
pendence, for gamma rays emitted from the Ir-192 source were in-
vestigated in the present study. In addition, gamma analysis was used to
compare the dose distribution obtained from the polymer gel dosimeter
simulating HDR prostate brachytherapy with that from TPS calcula-
tions. We evaluated the measurement accuracy using the sensitised
polymer gel dosimeter in the low-dose range under clinical conditions,
demonstrating the usefulness of the dosimeter compared with dosi-
meters with conventional sensitivity.

2. Materials and methods

2.1. Gel preparation

This study used the normoxic VIPET gel proposed by Papadakis
et al. and Papoutsaki et al. [18,19]. The VIPET gels were prepared using
4% w/w of monomer N-vinylpyrrolidone (NVP, Wako Pure Chemicals,
Japan), 4% w/w of cross-linker N,N′-methylenebisacrylamide (Bis,
Wako Pure Chemicals, Japan), 7% w/w of type-A gelatin from porcine
skin (G2500, Sigma-Aldrich, UK), 5 mM tetrakis(hydroxymethyl)phos-
phonium chloride (THPC, 80% in water; Tokyo Kasei Kogyo Co., Ltd.,
Japan) and 85% w/w of ultra-pure water (Purelab Flex UV, Elga Lab-
Water, UK). “% w/w” refers to mass fraction, and “mM” refers to the
molar concentration examined. We also prepared highly sensitive
VIPET polymer gel by adding 0.4 M of magnesium chloride (MgCl2)
(according the naming of Ono et al. [16,17], hereinafter referred to as
iVIPET). For the evaluation of the dose response, glass vials (height,
120 mm; diameter, 40 mm) were filled with the gels. The remaining gel
was used to fill a cylindrical glass vessel (height, 125 mm; diameter,

120 mm) for the dose distribution measurement of a clinical treatment
plan that simulated HDR prostate brachytherapy. Since the dose re-
sponses of polymer gel dosimeters depend on environmental conditions,
especially the temperature during preparation and storage [4], all
polymer gels were prepared in the same batch. In addition, all the gel
dosimeters were stored in a dark room at the same room temperature as
the treatment room (23 °C) until irradiation to achieve adequate
deoxidising effect by THPC.

2.2. Irradiation of the polymer gels

Immediately before irradiation, a polyacetal flexible catheter
(ProGuide Sharp Needle; Elekta, Sweden; length, 200 or 240 mm; dia-
meter, 2 mm) was inserted into the gel dosimeter to transport the Ir-192
source into it. The same remote afterloading system (microSelectron
HDR V3; Elekta, Sweden) was used for all the measurements. In this
device, the Ir-192 source was a 0.6 mm (diameter) × 3.5 mm (length)
iridium pellet in a stainless steel capsule that is welded to a stainless
steel cable. The source is guided to the planned source positions and
dwell times by a motor-driven system. The air kerma strength of the Ir-
192 source for the VIPET and iVIPET tests was 23.127 and
28.751 mGy m2 h−1, respectively. To evaluate the sensitivity and dose
rate dependence, a single catheter was inserted into the centre of the gel
dosimeter. The source was held stationary at one position, and the
doses of 5, 10, 20, 30, 40, 50, 60, 80 and 100 Gy were delivered to each
sample at a radius of 10 mm around the centre of the source (Fig. 1a).
The glass vial was also placed in a water-equivalent phantom (Solid
Water Phantom; Gammex, USA; dimensions, 40 × 40 × 25 cm) to sa-
tisfy the backscattering condition (Fig. 1b).

The dose distribution of a simulated clinical treatment plan was
measured with the VIPET and iVIPET gel dosimeters. A custom-made
acrylic template was used to attach 18 catheters to the gel dosimeter
(Fig. 2a, b). The source was positioned at nine points along the cathe-
ters at 5 mm intervals, covering a depth of 40 mm (Fig. 2c). The dwell
times for the VIPET and iVIPET trials were 4.8 and 2.8 s, respectively,
for all the source positions. The treatment plan delivered an absorbed

Water-equivalent phantom

Transfer tube

Gel dosimeter

Catheter

(b) 

(a) 
0      5       10     20      30        40     50  60        80   100 (Gy)

Catheter

Fig. 1. (a) iVIPET gel dosimeters irradiated at doses of 0–100 Gy. All were ir-
radiated from a single source with the vial positioned 10 mm from the source’s
transverse bisector. (b) The glass vial was placed in a water-equivalent phantom
(dimensions 40 × 40 × 25 cm).
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dose of 10 Gy to the PTV; this was designed to reflect the source
transport conditions typically used in a clinical context.

2.3. MRI measurements and dose calibrations

After irradiation, the gel dosimeters were stored in the MRI scanner
room, and MR images were acquired 24 h after completing the radia-
tion reaction. For the scans, 1.4 mm diameter edible dried pasta was
inserted into the catheter to suppress susceptibility artefacts because
MRI measurements of the response in gel dosimeters can be affected by
distortions in the magnetic field caused by the difference in the mag-
netic susceptibilities of the gel and catheter. The scans were acquired
with a 1.5 T MRI scanner (SIGNA HDxt, GE, USA) with a quadrature
head coil, applying a spin echo sequence with the following parameters:
repetition time, 4000 ms; echo times (TE), 10 and 250 ms; field of view,
256 mm × 256 mm; and matrix size, 256 × 256. The transverse re-
laxation time (T2) map was calculated for each slice using ImageJ v1.47
software. R2 was determined as

R
T TE TE
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S

1 1
2

2 2 1

1

2
= =

(1)

where S1 and S2 are the single intensities at TE1 and TE2, respectively.
The relationships between absorbed dose and R2 were obtained using
transverse images with 2 mm slices taken according to the source po-
sitions. The value of R2 was calculated for 36 values measured at a
radial average of every 10 degrees at a 10-mm distance from the centre
of the source. The dose response data were then fitted with the fol-
lowing linear equation:

R gD R2 0= + (2)

where D is the absorbed dose, and the coefficients of g and R0 represent
the dose sensitivity and the offset of the dose response curve, respec-
tively. The value of R2 measured after irradiation was converted into
the absorbed dose as follows:

D R D2 0= + (3)

where is a conversion factor and D0 is the offset of the absorbed dose.
The dose uncertainty of the gel dosimeter measurements depends on
the uncertainty in the dose calibration data and the uncertainty in the
R2 calculation. The relative dose uncertainty of a pixel in the R2 map
with a value of R R2 2± can be calculated as follows [20]:

D
R

D D D
D R D2
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(4)

where and D0 are the standard deviations of and D0, respectively.
The dose resolution of the gel dosimeter, D ,p is related to the dose
uncertainty D as follows [21]:

D k 2p
p D= (5)

where kp is the coverage factor for the confidence interval p. For the
95% confidence level, kp is 1.96. The relative dose uncertainty D/D and
dose resolution D95% of the VIPET and iVIPET gels were compared
within their linear response regions.

2.4. Dose rate dependence

The dose rate varies with the distance from the centre of the source.
The dose rate dependence was evaluated by investigating the dose
sensitivity corresponding to the distance from the centre of the source
for each vial of different doses (dwell time at single source position).
The dose rate and absorbed dose were calculated by TPS [2]. The value
of R2 was calculated for 36 values measured at a radial average of every
10 degrees for each distance from the centre of the source. The ranges
for the dose rates measured by the VIPET and iVIPET gel dosimeters
were 1.5–25.4 and 1.9–31.5 Gy min−1, respectively. These ranges cor-
responded to positions 4–17 mm from the centre of the source, and R2

was measured in steps of 1 mm.

2.5. Verification of the simulated clinical plan dose distribution

Dose distributions were measured from transverse images (5 mm
slices) of the prostate cancer clinical plan at the centre of the source
dwell region. The value of R2 measured after irradiation was converted
into the absorbed dose using the dose–R2 response curves shown in
Fig. 3. The R2 homogeneity was evaluated by the use of the gel phantom
before irradiation [22]. These dose distributions were then compared
with those calculated by the TPS using gamma analysis with a 2%/
2 mm criterion along with the gamma index analysis software Simple
IMRT Analysis (Triangle Products, Japan) [23]. The dose profile at the
centre and the 2% dose difference were also evaluated for each dose
range. The 2% dose difference for iVIPET and VIPET was evaluated
with the same size of the field of view (85 × 85 mm).

The TPS (Oncentra; Elekta, Sweden) calculated the dose according
to the American Association of Physicists in Medicine protocol in
publication TG-43 [24] with a grid size of 1 mm. After performing MR
imaging for obtaining dose data, the gel dosimeter was imaged with
computed tomography (CT) for dose distribution calculations by the
TPS because it avoids the effect of the dose from CT scan. The

Transfer tube

Catheter

Gel dosimeter

(a) (b)

(c)

40 mm 20 mm

Catheter position

40 mm

5 mm Source position

Template
Catheter

Fig. 2. (a) The iVIPET gel dosimeter used to simu-
late high-dose-rate prostate brachytherapy. (b)
Schematic layout of the 18 flexible catheters (red
circles). (c) The sources (red points) were placed at
nine points across 40 mm, separated by 5 mm in-
tervals. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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geometrical positions of the CT and MR images were matched using a
5 mm diameter acrylic rod placed orthogonally within the dosimeter.

3. Results

3.1. Dose–R2 response

The dose–R2 response curves of the VIPET and iVIPET gel dosi-
meters are shown in Fig. 3. At doses of up to 30 Gy, the sensitivity of
iVIPET (0.258 ± 0.002 s−1 Gy−1) in the linear response region was 3.4
times higher than that of VIPET (0.076 ± 0.001 s−1 Gy−1). The cal-
culated uncertainties and dose resolutions of the measured doses at the
95% confidence level are plotted in Fig. 4 as functions of the delivered
dose. The dose uncertainties for the VIPET and iVIPET gels were 7.8%
and 3.3% at 5 Gy, respectively, and 1.8% and 1.0% at 30 Gy (Fig. 4a).
At lower doses, the dose uncertainty for iVIPET was particularly small
relative to that of VIPET. At doses of up to 30 Gy, the dose resolution at
the 95% confidence level for iVIPET was < 1 Gy (Fig. 4b). Values of

± for VIPET and iVIPET were 13.010 ± 0.105 and
3.856 ± 0.025, respectively, and values of D0 were 0.312 and 0.146,
respectively. Fig. 5 shows the dose sensitivities of VIPET and iVIPET at
dose rates corresponding to 4–17 mm from the centre of the source. The
coefficient of variation at iVIPET was 6% and that at VIPET was 3%.

3.2. Verification of the simulated clinical plan dose distribution

The R2 homogeneity evaluated by gel dosimeter before irradiation
was 88% in the field of view for the dose distribution verification. Fig. 6
shows the T2 maps with and without edible dried pasta inside the ca-
theter in the preliminary experiments. The effect of suppressing sus-
ceptibility artifacts by edible dried pasta was confirmed. The dose
distributions measured by the iVIPET and VIPET gel dosimeters in the
transverse plane at the centre of the source dwelling area are shown in
Fig. 7a, along with the TPS calculations. The gamma passing rates of the
iVIPET and VIPET gels according to the 2%/2 mm criterion were 97.9%
and 90.1%, respectively (Fig. 7b). The uncertainty within 3 mm from

the centre of the source was relatively large for the iVIPET gel. The
iVIPET results were in good agreement with the TPS calculations, but
the VIPET dosimeters were superior in measurement of the dose dis-
tribution near the catheter. The dose profile of the VIPET gel was noi-
sier than that of the iVIPET gel (Fig. 8). The minimum dose within the
field of view for evaluation of 2% difference between iVIPET and VIPET
was 1.2 Gy. The proportions of pixels that satisfied the 2% dose dif-
ference in the dose range 1.2–10 Gy were 99.6% and 88.5% for the
iVIPET and VIPET gels, respectively (Fig. 9). This dose range corre-
sponds to locations outside the PTV.

4. Discussion

The findings of this study confirmed that the sensitivity of iVIPET
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gel to low-energy gamma rays emitted from an Ir-192 source was 3.4
times higher than that of VIPET gel. This was consistent with the results
of Hayashi et al. [14]. In the past, attempts to improve the sensitivity of
VIP-based polymer gels have included using another gelling agent [25]
or increasing the amount of the monomer [26]; however, adding in-
organic salt is the most effective approach. In the iVIPET and VIPET gel
dosimeters, dose rate dependence was not observed in the range of
1.5–25.4 and 1.9–31.5 Gy min−1, respectively, as compared with the
MAG-type in which dose rate dependence has been reported [27,28].
Consistent with the results of this study, Hayashi et al. concluded that
the dose sensitivity of VIPET gel dosimeters containing MgCl2 does not
depend on the dose rate in 1.0, 2.0, 3.0 and 5.0 Gy min−1 dose rates for
10 MV photon beams [14]. However, all points in the dose distribution
for the clinical treatment plan will have a significant range of dose rate
histories as the dose at each point will have contributions from different
Ir-192 sources. This may lead to a possibility of uncertainty in dose
distribution verification using iVIPET and VIPET dosimeters as the
evaluation of the dose rate dependence in this study was limited to an
area of ≤17 mm from the centre of the source.

In the present study, the increased sensitivity provided by the
iVIPET gel dosimeter improved uncertainty and dose resolution. The
dose resolution at 95% confidence level of iVIPET did not achieve 2% of
the clinical dose, which is the dose precision recommended by the
International Commission on Radiation Units and Measurements
(Report No. 42) for the dose verification of the treatment plan [29]. We
decided the echo time with reference to the pulse sequence adopted by
Hayashi et al [14]. This study unified the pulse sequence for iVIPET and
VIPET gel. The uncertainty pertaining to the R2 values and the dose
resolution is determined by the choice of the echo time. In addition, TE
optimization and multi-spin-echo sequence are recommended for
polymer gel dosimetry [30,31]. Although single-spin-echo was used in
this study, dose resolution can be significantly improved with the use of
multi-spin-echo sequence and by the optimal selection of echo time.
Further, the measurement of the R2 distribution in a homogeneous
phantom and the use of this image-set as a template to correct the re-
sulting R2 images may have been effective; however, this was not used
in this study [32].

MR images with a fine spatial resolution are indispensable for
measuring the steep-gradient dose distributions applied in HDR bra-
chytherapy. Several factors may contribute to the dose uncertainty of
MR-based polymer gel dosimetry. Vandecasteele et al. and De Deene
et al. attributed the dose uncertainty in polymer gel dosimeters to
several factors such as the stochastic noise, calibration uncertainties,
temperature drift, and R2 image non-uniformities [33–37]. Increasing
the sensitivity of the gel dosimeter improves the SNR of the R2 map in
the low-dose range. Ensuring a sufficient SNR in a high-resolution MR
image requires a long scan time, but this should be shortened by using a
highly sensitive polymer gel in the dosimeter.

The dose distributions of the prostate cancer clinical plan measured
by the iVIPET gels were in good agreement with those calculated by the
TPS. In particular, the iVIPET gel proved useful for low doses in the
clinical plan, which tended to be measured inaccurately with the VIPET
gel. Thus, low doses are amenable to more accurate measurements with
the iVIPET gel than with the VIPET gel. When HDR brachytherapy is
actually used, the dose constraints for organs at risk must be considered
to prevent severe radiation damage. Dosimeters must therefore be able
to detect the unexpected hotspots as well as the unexpected low-dose
regions. In this study, the dose distributions with treatment plans that
delivered 10 Gy to the PTV were measured using catheters positioned at
relatively wide intervals. This treatment plan delivered a much smaller
dose than that of Kipouros et al. [11]; in addition, our results verified
the dose distribution at the low-dose range (< 10 Gy). The iVIPET
dosimeter has been shown to exhibit a linear response to doses in the
range 0–30 Gy, a range that covers the doses typically delivered in HDR
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brachytherapy for treatment of prostate cancer.
There was some uncertainty in the conditions around the Ir-192

source. We used polyacetal flexible catheters to transport the Ir-192
source. De Deene et al. have reported further specific dosimetric un-
certainties pertaining to HDR brachytherapy [38]. They provided an
overview of several causes of uncertainty in 3D dose verification of
brachytherapy, which included the oxygen permeability of the catheter
material, diffusion of monomers during radiation, partial volume ef-
fects, magnetic susceptibility effects, and saturation. We will further
investigate the characteristics of polymer gel dosimeter for HDR bra-
chytherapy in the future. Dose distribution comparison methods such as
gamma analysis may underestimate the uncertainty [39]. In this study,
the gel responses and TPS calculations were compared in detail by
evaluating the dose difference of the calculated dose within each dose
range (Fig. 9). This showed that measurement accuracy in the low-dose
range improved with the high sensitivity provided by the iVIPET gel.

5. Conclusions

The iVIPET gel dosimeter used in this study was shown to be 3.4
times more sensitive than the VIPET gel dosimeter for the low-energy
photons from the Ir-192 source. Thus, iVIPET gel dosimeters can be
used to accurately measure the dose distribution of a simulated HDR
brachytherapy treatment plan for prostate cancer, even with significant
uncertainty directly adjacent to the source. Increasing the sensitivity of
the dosimeter gel improved the SNR in the R2 map and the accuracy of
dose conversion. The dose resolution can be improved by optimizing
the echo times and using a multi-spin-echo sequence instead of a single-
spin-echo sequence. We conclude that the iVIPET gel dosimeter could
be a useful tool for verifying the dose distributions of TPS calculations
in clinical cases. In future studies, we are planning to optimise the
sensitivity of the gel and to combine gels of different sensitivities to
enable various dose ranges to be measured most effectively.
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TEPIVTEPIVi
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Y Y

X X

Fig. 7. Comparison of the dose distributions in the transverse plane at the centre of the source dwelling area between the two gel dosimeters and the treatment
planning system calculations. (a) Percentages of the isodose contours for the iVIPET and VIPET gel dosimeters (dotted lines) and the calculations returned by the
treatment planning system (solid lines). (b) Results of gamma analysis with the 2%/2 mm criterion.
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