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Preliminary Investigations of the Dosimetric Properties of
a Normoxic Polymethacrylic Acid Gel Dosimeter Using
a Respiration-Motion Simulator
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Dose distribution throughout the clinical organ range of motion was analyzed using a respiratory-motion simulator
that was equipped with a polymer gel dosimeter and EBT2 film. The normoxic polymer gel dosimeter was
synthesized from gelatin, MAA, HQ, THPC and HPLC. The gel dosimeter and EBT2 film were irradiated with Co—60
gamma rays that were moved along the x—axis and y—axis in £1.5 cm steps at five—second intervals. The field
size was 5x5 cm?. The SSD was 80 cm and set to 10 Gy at a depth of 2 cm. The PDD at a depth of 50
mm was 75.2% in the ion chamber, 82.3% in the static state and 86.1% in the dynamic state in the gel dosimeter.
The penumbra for the dynamic state target, which was measured using the gel dosimeter, averaged 10.89 mm,
this is a 40.5% increase over the penumbra of the static state target of 7.74 mm. In addition, when measuring
with gel dosimetry, the value for the penumbra is 36.6% smaller in the static state and 29.4% smaller in the
dynamic state compared to measuring with film. The aim of this study was to investigate the dosimetric properties
of a normoxic polymethacrylic acid gel dosimeter in static and dynamic states and to evaluate the potentiality

as a relative dosimeter for dynamic therapeutic radiation.
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INTRODUCTION

Ideally, radiation therapy accurately delivers radiation to the
treatment area, also the planned radiation dose should equal
the delivered radiation dose. However, in cases of internal or-
gans and tumors that move during breathing, it is difficult to
deliver an accurate dose to the treatment area. Thus, in 3-di-
mensional conformal radiation therapy, it is important to con-
firm the dose distribution.

Two dimensional dosimeters, such as a film, are mainly

used for dosimetry, nevertheless there are some limitations in
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measuring the spatial dose distribution. The polymer gel dos-
imeter as a three dimensional dosimeter is currently being car-
ried out to overcome such limitations.

Most studies that have attempted to verify that a radiation
dose was accurately delivered to moving organs and tumors
during respiratory movement used films that measure the 2-di-
mensional dose distribution. Thus, the results of these studies
depended on whether the apparatus reduced the internal organ
motion.” They analyzed the dose distribution after setting the
time gating threshold (TGT) according to the organ motion so
that it was in tune with the breathing cycle,” and measured
the dose distribution depended on whether a multileaf collima-
tor (MLC)3) and a moving phantom were used.

Kanagaki et al. reported the differences between the radia-
tion isodose distribution measured under static conditions as a
control using a computer controlled stepping motor and films.”
S. Ceberg et al. investigated the feasibility of using a 3D gel

dosimeter for dose verification of dynamic radiotherapy.” Kim
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et al. observed the distortion of dose profile to consider the
respiratory motion effects using a Gafchromic film and a poly-
ethylene cubic phantom.”

Suh et al. studied clinical acceptable differences between the
dose distributions from a static target and a moving target with
a moving phantom and film dosimetry.”

In this work we fabricated a polymer gel dosimeter that
uses polymethacrylic acid as the monomer under normoxic
conditions. The gel dosimeter and film were installed in a res-
piratory-motion simulator, and the dose distributions in the
static and dynamic states were measured. After irradiation with
Co-60 gamma rays, an image was obtained using MRI, and

the percent depth dose and penumbra effect were analyzed.

MATERIALS AND METHODS
1. Gel dosimeter

The polymer gel that was used in the dosimeter was fab-
ricated from gelatin (300 bloom, Sigma-Aldrich, St. Louis,
MO, USA), MAA (methacrylic acid, Sigma-Aldrich), THPC
(tetrakis hydroxymethyl phosphonium, Sigma-Aldrich), HQ
(hydroquinone, Sigma-Aldrich), and high-purity distilled water
(HPLC) in normoxic conditions.” For polymer gel synthesis,
HPLC and gelatin were used at 86% and 6% of the total
amount, respectively. These were placed in a reaction flask un-
til the gelatin became completely swollen. The flask was then
stirred until the contents liquefied while being heated slowly to
50°C.

After the gelatin was fully dissolved, the temperature was
reduced to 43°C while stirring. Next, 8% MAA, 0.05 mM HQ
and 10 mM THPC were added, in that order, with stirring for
10 minutes between each addition. THPC, which is an anti-

oxidant, was added last to prevent the loss of antioxidant
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properties due to the introduction of oxygen during the gel
synthesis process (Fig. 1). After the synthesis process was
completed, the polymer gel solution was placed in an acryl
phantom, left at room temperature for approximately one hour
and then stored in a refrigerator.” The interior dimensions of
the acryl phantom that contained the gel dosimeter were
15x15%10 cm’, and all the acryl planes included a cover that

was 8 mm thick.
2. Respiratory-motion simulator

A respiratory-motion simulator was used to simulate the in-
ternal organ motions that result from respiration (Fig. 2). This
system consisted of a moving phantom, in which the dosimeter
could be placed, and a controller. The respiratory-motion simu-
lator was constructed from aluminum alloy and the maximum
movement distance was 10 cm, the motions of the simulator in
the x- and y-direction are simultaneous. The movement work-
ing resolution was designed to be 20 #m. The maximum re-
sponse speed of the multileaf collimator target-tracking system
was 100 mm/s. In the actual experiment, all of the new loca-
tion values were transmitted every 50 ms and were synchron-

ized with the other equipment.”’
3. Irradiation

For the irradiation, a Co-60 teletherapy unit (Theratron-780,
AECL, Ottawa, Canada) was used at a dose rate of 117.66
cGy/min. Using the respiratory-motion simulator, the polymer
gel dosimeter and Gafchromic EBT2 film (ISP, USA) were ir-
radiated in static and dynamic states with 10 Gy each (Fig. 2).
The source-to-surface distance (SSD) was 80 cm, and the field
size was 5x5 cm’. The respiratory-motion simulator moved
t1.5 cm in the x-axis and y-axis, which is within the range of

clinical organ motions, in a respiratory-like cycle and was irra-
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diated at five-second intervals (Table 1).
The gel dosimeter was irradiated at a depth of 2 cm from
the acryl phantom surface, while the film was irradiated with

a 2 cm-thick tissue-equivalent solid phantom on the top.
4. MRl measurement

To analyze the irradiated gel dosimeter, an MRI system
(MAGNETOM Trio a Tim, 3T, Siemens, Germany) was used
to obtain images.

As temperature can affect image evaluation, the irradiated
polymer gel dosimeter was placed in the MRI room for twen-
ty-four hours prior to images been taken in order to reach a

temperature equilibrium.'®"” Images were obtained at a depth

Respiratory-motion
simulator.

Fig. 2. Experimental setup of the Co-60 teletherapy unit with a
gel dosimeter and a respiratory-motion simulator for static and
dynamic dosimetry.

Static gel

of 2 cm from the gel dosimeter surface using the following
scanning conditions: TR (time of repetition) of 3,000 ms, TE
(time of echo) of 20~140 ms and interval of 20 ms, slice
thickness of 3 mm, field of view of 260%260 mm2, bandwidth
of 125 Hz. In addition, a head coil was used.” As the acryl
phantom is not visible to the MRI system, two cross sections
were obtained for the left and right directions at 2 mm inter-
vals and at a location 5 cm below the gel surface, yielding a
total of five cross-sectional images. Image J (1.43 u, National
Institutes of Health, USA), Origin™ 8 (OriginLab Corp., MA,
USA), and Matlab™ (The Math Works, Inc, USA) were used
to analyze the obtained gel dosimeter images. For the EBT2
film, PTW-VeriSoft software (PTW, Freiburg, Germany) was
used for background subtractions, and the dose distribution and
profile were obtained after normalization.

The percent depth dose (PDD) was compared for the ion
chamber, static state and dynamic state of the polymer gel
dosimeter. The polymer gel dosimeter presented the PDD with

respect to the central axis for the image obtained using MRI.

Table 1. Operation parameters that were used to evaluate the
effectiveness of the delivered dose using a polymer gel
dosimeter and Gafchromic EBT2 film.

Operation parameters Specifications

Dosimetric tool
Radiation type

Polymer Gel and Gafchromic EBT2 film
Co-60 gamma rays

Delivered dose 10 Gy
Dose rate 117.66 <Gy
Field size 5x5 cm’
SSD 80 cm

Displacement of target +1.5 cm for the x-axis and y-axis

Dynamic gel

Fig. 3. Polymerization after irra-
diating the polymer gel dosime-
ter in static and dynamic states.

- 140 -



PROGRESS in MEDICAL PHYSICS Vol. 23, No. 3, September, 2012

The PDD was presented in a range between 10 mm and 60
mm.

The profile and penumbra were obtained for images using
the polymer gel dosimeter and EBT2 film at a depth of 2 cm
by using MRI and a film scanner. The obtained images were
analyzed in static and dynamic states along the x-axis. Flatness
and symmetry were measured within a region bounded by a
field contour of 80% of the maximum field size at a 2 cm
depth in the polymer gel phantom.'” The penumbra area is the

edge of the radiation beam, over which the dose rate changes
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Fig. 4. PDD comparison between the polymer gels using Co-60.
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rapidly as a function of distance from the beam axis. The pe-
numbra width was measured as the lateral distance between
the 20% and 80% isodose curves at a specified depth.

Field flatness for photon beams has been traditionally de-
fined as the variation of dose relative to the central axis over
the central 80% of the field size. The flatness is given by the

following equation:

P =P
flatness (%) = —= ™" 100
Pmaac +an

RESULTS AND DISCUSSION

Fig. 3 shows the gel dosimeter results after irradiation of
the static and dynamic state targets. The polymerization that
was caused by the irradiation of the transparent gel dosimeter
in the acryl container was visible to the naked eye.

The measurements of the PDD using the polymer gel dos-
imeter and the ionization chamber are compared as a function
of the phantom depth in Fig. 4.

The PDD at a depth of 50 mm was 75.2% in the ion cham-
ber, 82.3% in the static state and 86.1% in the dynamic state
in the gel dosimeter. Compared to the PDD in the ion cham-
ber, the PDDs of the static and the dynamic states were over-

estimated by 7.1% and 10.9%, respectively. The dmax region
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Fig. 5. Polymer gel dosimeter and Gafchromic EBT2 film comparison of the scanned images and dose distributions at a depth of 2
cm. Field size: 5x5 cm’, moving distance: 1.5 cm; (a) static gel, (b) dynamic gel, (c) static film, (d) dynamic film.
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Fig. 6. Comparison of the dose profiles for the gel and film in the (a) static state and (b) dynamic state.

Table 2. Comparison of the penumbra between the gel
dosimeter and the EBT2 film.

Penumbra (mm)

Left Right
Gel Static 7.77+0.45 7.72£0.59
Dynamic 11.03+0.93 10.76+0.83
Film Static 12.05 12.39
Dynamic 1531 15.53

could not be measured due to the thickness of the acrylic
phantom. Thus, the acrylic phantom should be as thin as pos-
sible to minimize these complications.

Dose distributions taken at a depth of 2 cm using the gel
dosimeter and the film are shown in Fig. 5. With the film, the
peripheral low-dose regions appear more diffuse than with the
gel dosimeter. With respect to the dynamic state target, the
overall shape appeared to be hexagonal after a £1.5 cm trans-
lation in the direction of movement.

In addition, the dose profiles of the static and dynamic tar-
gets were obtained using the polymer gel dosimeter and the
EBT2 film (Fig. 6). For the gel dosimeter, the flatness was
9.80% for the static target and 12.34% for the dynamic target.
In contrast, the flatness that was measured for the film was
11.65% for the static target and 15.93% for the dynamic
target. The symmetry values of the dynamic target, which
were measured using the gel dosimeter and film, were 2.54%

and 4.28% lower than those of the static state, respectively.

Penumbra
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Fig. 7. Penumbra depending on the depth of the polymer gel
with an SSD of 80 cm and a field size of 5x5 cm’ using the
Co-60 gamma ray.

The penumbra width for the static target that was measured
using the gel dosimeter averaged 7.75 mm, which was 4.47
mm less than the penumbra that was measured when using the
film. This difference may be due to the low optical density of
the film.

The penumbra width for the dynamic target was measured
using the gel dosimeter with an average width of 10.89 mm,
which was 40.5% wider than what was measured for the static
target (Table 2).

The measurements of the penumbra depending on depth in

the static and dynamic states of the polymer gel dosimeter are

- 142 -



PROGRESS in MEDICAL PHYSICS Vol. 23, No. 3, September, 2012

shown in Fig. 7. The penumbra increased as the depth in-
creased from 10 mm to 70 mm.

Also, the penumbra appeared to be larger for the dynamic
target than for the static target due to the blurring effect that
occurred when the target moved and also due to other geo-
metric factors.

The penumbra measured using the gel dosimeter was larger
for the dynamic target than for the static target. The penumbra
effect increased with the depth of the target, which is an im-
portant factor to consider when planning treatment in clinical
radiation therapy.

The polymer gel dosimeter is a 3-dimensional dose measur-
ing instrument that can simultaneously measure the dose dis-
tribution and the PDD. However, because it is easily oxidized
in air causing polymerization reaction, the polymer gel should
be placed in a container. As such, the quality and size of the
container can effect the dosimetry, if it is possible to solve
these problems, this method is expected to be applicable for
confirming dose delivery in respiration gated radiation therapy
or intensity modulation radiation therapy.

The present study shows that a gel dosimeter with a respira-
tory-motion simulator could be used to study the 3-dimen-
sional dose verification of dynamic radiotherapy. As a result of
the gel and film experiments, the importance of moving organ
dosimetry was confirmed by looking at static and moving
states.

Radiation therapy technology concerning dynamic targets in
respiration gated radiation therapy is being used more fre-
quently; thus, dose management should be carefully considered
when setting the planning target volume for the dynamic
target. It is hard to measure the three-dimensional dose dis-
tribution with film dosimetry, whereas a polymer gel dosimeter
can obtain a three-dimensional dose distribution at once. The
combined use of a moving phantom and a polymer gel dosim-
eter is expected to be useful in 3-dimensional geometric dose
evaluation of organ and tumor movements caused by breathing

motion.

CONCLUSION

The preliminary investigations of a polymethacrylic acid gel

for PDD, flatness, symmetry, and penumbra were performed in

order to find its applicability to therapeutic dynamic targets.
It was shown that the gel dosimeter is applicable as a rela-
tive dose evaluation dosimeter for dynamic therapeutic targets.
However, when the gel comes in contact with air, a pre-poly-
merization reaction occurs because of oxidation. Thus the gel
must be placed in an acrylic container. As such, the absorbed
dose being excessively evaluated due to the effect of the con-
tainer was observed. Therefore, the container size of the dos-
imeter has to be large enough for the field size of the beam.
Also it is recommended that the material of the container is a
tissue equivalent material and the thickness of the container
should be as thin as possible. If these requirements are met, it
is expected that the gel dosimeter can prove useful in 3 di-

mensional dynamic dose evaluation.

REFERENCES

1. Kubo HD, Len PM, Minohara S, et al: Breathing-synchro—-
nized radiotherapy program at the University of California Davis
Cancer Center. Med Phys 27:346-353 (2000)

2. Kim, YL, Chung JB, Chung WK, et al: An Effect of Time
Gating Threshold (TGT) on the Delivered Dose at Internal Organ
with Movement due to Respiration. Korean J Med Phys 16:89-
96 (2005)

3. Park SW, Jung HJ, Kim KB, et al: Development and
Evaluation of a Target-tracking Radiation-therapy system Using
a Multileaf Collimator (MLC) Synchronized with Moving Organs.
J Korean Phys Soc 55:694-701 (2009)

4. Kanagaki B, Read PW, Molloy JA, Larner M, Sheng K:
A motion phantom study on helical tomotherapy: the dosimetric
impacts of delivery techniqgue and motion. Phys Med Biol 52:
243-255 (2007)

5. Ceberg S, Karlsson A, Gustavsson H, et al: Verification
of dynamic radiotherapy:the potential for 3D dosimetry under
respiratory-like motion using polymer gel. Phys Med Biol 53:
N387-N396 (2008)

6. Kim MS, Ha S, Lee DH, et al: Distribution of the dose profile
in a three—dimensional moving phantom to simulated tumor mo-—
tion during image-guided radiosurgery. Radiation Oncology
Journal 25(4):268-277 (2007)

7. Suh Y, Yi B, Ahn S, Kim J, Lee S, Shin S, Choi E:
Aperture maneuver with compelled breath for moving tumors: A
feasibility study with a moving phantom. Med Phys 31(4):
760-766 (2004)

8. Cho YR, Park HW, Kim AR, et al: Fabrication of a nor-
moxic polymer gel dosimeter and its dose distribution characteri-
stics. J Korean Phy Soc 59(1): 169-175 (2011)

9. Cho SJ: A study on normoxic polymer gel dosimeter. PhD the-
sis (2007)

10. Ju SG, Ahn YC, Huh SJ, Yeo IJ: Film dosimetry for in—

- 143 -



Chae Hee Park, et al : Dosimetric Properties of a Gel Dosimeter Using a Motion Simulator

tensity modulated radiation therapy: dosimetric evaluation. Med
Phys 29(3):351-355 (2002)

11. Fuss M, Sturtewagen E, De Wagter C, Georg D:
Dosimetric characterization of Gafchromic EBT fim and its im-
plication on film dosimetry quality assurance. Phys Med Biol
52(14):4211-4225 (2007)

12. Nath R, Biggs PJ, Bova FJ, et al: AAPM code of practice
for radiotherapy accelerators: report of AAPM radiation Therapy
Task Group No. 45. Med Phys 21:1093-1121 (1994)

13.

14.

15.

Baldock C, Deene YD, Doran S, et al: Polymer gel dosi-
metry. Phys Med Biol 55:R1-R63 (2010)

Jirasek A: Experimental investigations of polymer gel dosi-
meters. J Phys Conf Ser 56:23-34 (2006)

Cho KH, Cho SJ, Lee S, et al: Dose responses in a nor-
moxic polymethacrylic acid gel dosimeter using optimal CT
scanning parameters. Nuclear Instruments and Methods in
Physics Research A 675:112-117 (2012)

*A7|fstw ofstel o|st=a|stn) et iRl okl dhAbM o|stod A
uRis)c - ZRab - ZTE - UR0)T - 20T 230 "R - RGET - A
220l Y| MEERE SEA 21 EBT22 0|835t0] HESERS ZoXIRV|I2 BM3IoIch S&H 2 M
= HelEl MAA, HQ, THPC, HPLCE 0| &350 St = qict 2 M2HA el EBT2 2E2 5% M4 Z xF1 yEOZ £15
cmA 2Z0|HA Co-60 Zotde 0|85t0f EAISIICE EAMHS| 37| 5x5 cm?, SSD 80 cm, 2 cm Zlolol| 10 GyE =
AbsteACh 50 mm ZlojolM e AlRMERIEZ(PDD)R o|2ME|EoA 752%H 1, 2 MEFAZ XS Zol HEAE|
(static state)ol M 82.3%, =X AtEH(dynamic state)oll A 86.1%ACt 2 MZEHE 0|E5t0{ ZHEH SHAME | HZH
(penumbra)2 Ha 10.89 mmZE MAEAME] 8hS3¥o| 37|21 774 mm ECt 405%7F S7tst3ict F7IMez HES o2

sto] e Hhadel I7|et H|ude o YHME A 366%,

=

SHMEfOlM 294%7t EretC.




