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a b s t r a c t

In recent years, 3D printing technology has received significant research attention. Additionally, 3D
printing technology is being applied to study radiation dosimeters of various materials. In this study, a
plastic scintillator for 3D printing was developed in a laboratory and used to manufacture a plastic
scintillation dosimeter (PSD) with a shape identical to that of the ionization chamber PTW31010. The 16-
mm beam of Gamma Knife® Perfexion™ was irradiated to derive the absorbed dose rates of the PSD and
PTW31010; they were subsequently compared with the dose rates of the treatment plan. The differences
in the dose rates of the Gamma Knife treatment plan and the absorbed dose rates of PTW31010 were
within 0.87%. The difference between the dose rates of the Gamma Knife treatment plan and the
absorbed dose rates of the PSD were within 4.1%. A linear fit of the absorbed dose rates of four shots
involving different dose rates and irradiation angles yielded an adjusted R-square value exceeding
0.9999. A total of 10 repeated measurements were conducted for the same shot to confirm its repro-
ducibility, with a relative error of 0.56%.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Currently, 3D printing is one of the key technologies enabling
the fourth industrial revolution. This technology is being employed
and researched in several industries such as machinery, aviation,
automobiles, andmedical fields. In themedical field, several studies
have employed 3D printing to create replicas of human organs,
tissues, and phantoms [1e6]. Studies have also attempted to
construct radiation detectors by using 3D printing, for medical
applications. In previous studies, 3D dosimeters composed of
various materials were fabricated, and dose distributions were
measured using these dosimeters [7,8]. Our research team has
developed a plastic scintillator that can be 3D printed [9,10].
Although its performance is lower than that of a commercial plastic
scintillator constructed via thermal polymerization, it is being
improved through continuous material research. In addition, it is
expected that its production time can be shortened by and its
.

by Elsevier Korea LLC. This is an
production method can be customized and personalized, thereby
enabling its application to various fields.

The gamma knife is a stereotactic radiosurgery equipment that
is widely used for the treatment of intracranial and peripheral
diseases. The Elekta Leksell Gamma Knife® (LGK) Perfexion™
Model (PFX) contains 192 cobalt-60 sources that are arranged in an
eight-sector crown-shaped collimator. The beam irradiated from
LGK PFX is a combination of 4, 8 and 16 mm beams formed in each
sector. Radiosurgery equipment, including gamma knives, are
provided with a treatment plan system (TPS) to ensure that the
radiation is only focused on the tumor volume and to minimize its
effect on normal tissues. Currently, TRS 483 provides ionization
chambers as reference dosimetry that can be used to calibrate
gamma knives. Various studies have focused on the verification of
the treatment doses of a gamma knife [11e13].

In this study, a plastic scintillation dosimeter (PSD) was fabri-
cated using 3D printing technology. It was manufactured in a shape
identical to that of PTW31010 (PTW-Freiburg, Germany), which is
one of the ionization chambers used for the calibration of gamma
knife doses. The absorbed dose rate was measured under gamma
knife beam irradiation and compared with the gamma knife
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Fig. 1. Appearance of the probe head component, plastic scintillation dosimeter, and
PTW31010.

Table 1
Calibration factor of PTW31010 and scintillator samples.

Measuring device Calibration factor (Gy/nC)

PTW31010 2.905 � 10�1

Scintillator (Sample 1) �1.293 � 10�4

Scintillator (Sample 2) �5.471 � 10�5

Scintillator (Sample 3) �7.970 � 10�5

Scintillator (Sample 4) �6.317 � 10�5

Fig. 3. Absorbed dose rates for gamma knife shots A1eA4 of PTW31010 and the plastic
scintillator samples.
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treatment plan. Dose rate dependence, angle dependence, and
reproducibility were identified to validate the measurement sys-
tem of the PSD.

2. Materials and methods

2.1. Fabrication of the PSD

The PSD with a shape identical to that of PTW31010 (PTW-
Freiburg, Germany) was fabricated using a DLP 3D printer (Asiga
Pico2HD, Australia and custom-made product). The plastic scintil-
lator was printed so as tomatch the sensitive volume (0.125 cm3) of
PTW31010, using the scintillator resin developed in our laboratory
for 3D printing. The resin was composed of BPA(EO)15DMA (acrylic
monomer), PPO (primary dye), ADS086BE (wavelength shifter) and
TPO (photoinitiator). The plastic scintillator was fabricated by
curing a 0.15 mm thick layer for 20 s and stacking them sequen-
tially. The 3D printed plastic scintillator has a light output of
2409 ± 37 photons/MeV and a density of 1.157 g/cc [10]. The outer
appearance of the dosimeter was manufactured using a black
commercial 3D printer resin (Carima, Korea). The dosimeter
comprised of two parts: a probe head into which the scintillator
Fig. 2. Schematic diagram of the plastic scint
entered and a probe to fix the optical fiber. The probe head can be
detached from the probe. The scintillator was wrapped with Teflon
tapes to focus the generated scintillation lights. Four scintillator
samples were prepared, and the same number of probes and probe
heads were fabricated. Fig. 1 depicts the appearance of PTW31010
and the fabricated PSD.

The light pipe that transmits scintillation light to the photode-
tector was composed of pure silica optical fiber FP200URT (Thor-
labs, USA) and had a core diameter of 200 mm. The photodetector
used for the measurement was H7422-40 PMT (Hamamatsu Pho-
tonics, Japan), which is equipped with a cooler to maintain its in-
ternal temperature. The current from PMT was recorded using an
electrometer (Model 6517B, Keithley, USA). The overall schematic of
the measurement system is shown in Fig. 2.

2.2. Cerenkov light subtraction

To eliminate the Cerenkov light generated in the optical fiber
upon irradiation, a black probe head without a scintillator was
manufactured. First, the measurement system was combined with
illation dosimeter measurement system.



Table 2
Data of gamma knife shots.

Shot Isocenter (mm) Collimator [sectors 1e8] Dose rate at focus (Gy/min)

X Y Z 1 2 3 4 5 6 7 8

A1 100.0 100.0 100.0 16 16 16 16 16 16 16 16 2.240
A2 100.0 100.0 100.0 16 B 16 B 16 B 16 B 1.120
A3 100.0 100.0 100.0 16 B B B 16 B B B 0.560
A4 100.0 100.0 100.0 16 B B B B B B B 0.280
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the scintillator probe head and irradiated using a radiation beam, to
record the total current (Itotal) measured together with the scintil-
lation light and the Cerenkov light. Subsequently, the scintillator
probe head was replaced with a black probe head, and it was
irradiated using the same radiation beam to measure the current of
the Cerenkov light (ICeren). Finally, the net current (Inet), excluding
the Cerenkov light, was calculated using Equation (1).

Inet ¼ Itotal � ICeren (1)

The background currents of the total current (Itotal) and the
Cerenkov light current (ICeren) were eliminated prior to calculating
the net current (Inet).

2.3. Calibration factor

The PSD was calibrated at the Korean Institute of Radiological &
Medical Sciences (KIRAMS), a secondary standard dosimetry labo-
ratory (SSDL) that provides calibration of dosimetry equipment.
The ionization chamber PTW31010 has been previously calibrated
at KIRAMS. Signals of the PSD under the reference condition were
measured for the Co-60 beam, and the calibration factor (Nref ¼
ND;w) was derived using Equation (2).

_Dref ¼ Nref � Irefnet (2)

where _Dref is the dose rate at the SSDL reference condition for the
Co-60 beam, and Irefnet is the net current measured under the same
condition. The calibration factors for four scintillator samples were
obtained, as listed in Table 1.

2.4. Dose rate measurement of the Gamma Knife

The output measurements of PTW31010 and PSD were obtained
using LGK PFX, at the Gamma Knife Center of Seoul National Uni-
versity Hospital. The measuring device was placed at the center of
Solid Water Leksell Gamma Knife® Dosimetry Phantom (Elekta
Instruments AB, Stockholm, Sweden), and a 16-mm beam was
irradiated at the isocenter point (X¼ 100, Y¼ 100, and Z¼ 100). The
output was measured by irradiating four shots (A1eA4) with
different dose rates (as presented in Table 2). The beam was irra-
diated only in the sector selected according to the dose rate of the
16-mm beam, and the remaining sectors were blocked. All
Table 3
Absorbed dose rate of PTW31010 and the plastic scintillator in comparison with LGP. It
measured in 0.1 s.

Shot LGP (Gy/min) Absorbed dose rate (Gy/min)

PTW31010 Plastic scintillator

Sample 1 Sample 2 S

A1 2.240 2.254 ± 0.004 2.187 ± 0.029 2.143 ± 0.018 2
A2 1.120 1.128 ± 0.005 1.092 ± 0.022 1.072 ± 0.013 1
A3 0.560 0.565 ± 0.007 0.549 ± 0.015 0.537 ± 0.010 0
A4 0.280 0.282 ± 0.000 0.274 ± 0.012 0.269 ± 0.006 0
measurements were conducted for 100 s at intervals of 0.1 s. A 60 s
measurement value was selected such that it eliminated the first
30 s and the last 10 s measurement values. The absorbed dose rate
( _DLGK ) was determined by multiplying the measured net current
(ILGKnet ) with the calibration factor (Nref ), as shown in Equation (3).

_DLGK ¼ Nref � ILGKnet (3)

In addition, ten measurements were conducted for shot A1 to
confirm the reproducibility of the system. After one measurement,
the probe head was removed from the probe and once again
reattached for the next measurement.
3. Results and discussion

3.1. Differences in the treatment plan dose rates

The absorbed dose rates of PTW31010 and PSD were compared
with the dose rate of Leksell GammaPlan® (LGP), which is the
gamma knife treatment planning system. The absorbed dose rates
for Gamma Knife shots of PTW31010 and plastic scintillator sam-
ples are listed in Table 3 and depicted in Fig. 3. For shots A1eA4, the
difference between the dose rates of PTW31010 and LGP was
within 0.87%. The maximum uncertainty of each measurement was
0.02%. As the calibration was performed using PTW31010, which is
an ionization chamber that is suitable for the reference dosimetry
of the gamma knife presented in TRS 483, it is evident there is
minimal error with respect to the dose rates of LGP.

Furthermore, for shots A1eA4, the differences between the
mean absorbed dose rates of the scintillator samples and LGP were
within 4.1%. As compared to LGP, lower dose rates were obtained,
and the differences between the scintillator samples were within
1.1%. The uncertainty for each measurement ranged from 0.86 to
4.31%, and the lower the dose rate of the shots, the greater was the
uncertainty. The difference between the source intensity and the
geometry between LGK PFX and Theratron 780 used to calibrate the
PSD is considered as a major factor contributing to this under
response. The lower the irradiated dose rate, the lesser is the light
emitted from the scintillator and the greater is the background
ratio. Thus, calibration in low dose rates may produce different
results as compared to that in high dose rates, for small fields.
Generally, plastic scintillators are not significantly affected by small
was measured once for each shot and the results were calculated with 60 s of data

Difference (vs LGP)

ample 3 Sample 4 Mean PTW31010 Scintillaor

.166 ± 0.020 2.138 ± 0.019 2.159 ± 0.023 0.64% �3.7%

.068 ± 0.016 1.069 ± 0.014 1.075 ± 0.011 0.68% �4.08%

.535 ± 0.011 0.535 ± 0.011 0.539 ± 0.007 0.82% �3.79%

.269 ± 0.009 0.268 ± 0.008 0.270 ± 0.003 0.87% �3.58%



Fig. 4. Absorbed dose rates and linear fittings of plastic scintillator samples for gamma knife shots A1eA4.

Fig. 5. Results of repeated measurements of the plastic scintillator sample 1 for
gamma knife shot A1.

Table 4
Repeated measurement of scintillator sample 1 for shot A1.

Number of repetitions Shot A1 Relative error

1 2.187 ± 0.029 0.56%
2 2.143 ± 0.028
3 2.172 ± 0.028
4 2.167 ± 0.028
5 2.160 ± 0.027
6 2.164 ± 0.028
7 2.173 ± 0.029
8 2.169 ± 0.029
9 2.182 ± 0.030
10 2.174 ± 0.028

Mean 2.169 ± 0.012 e
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temperature differences [14]; hence, the light output of the 3D
printed plastic scintillator was not corrected for the temperature
difference between the water phantom used in the calibration
environment and the Solid Water Lekesell Gamma Knife® Dosim-
etry Phantom. However, the temperature dependency of this
scintillator may have slightly affected the amount of light as this
phenomenon has not been thoroughly studied thus far. Addition-
ally, it is possible that human errors were introduced during the
repetitive process of connecting and disconnecting the probe head.
Although the absorbed dose rates of scintillators differ from those
of LGP, the results are considered to be meaningful because the
differences between the scintillator samples were consistent.
3.2. Dose rate and angular dependencies

The absorbed dose rates for shots A1eA4 are plotted on a graph
with respect to the dose rate ratio of the shots; subsequently, linear
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fitting was performed. As shown in Fig. 4, the adjusted R-square
values of the linear fits of all four scintillator samples exceeded
0.9999, indicating a complete linearity of the dose rates. In addi-
tion, shots A1eA4 required different number of collimator sectors
in accordance with the dose rate . Hence, each shot is a beam
combination irradiated at different angles. The results presented in
Fig. 5 also depict the linearity of the measurement with respect to
the angle.

3.3. Reproducibility

The results of repeated measurements for shot A1 of scintillator
sample 1 are listed in Table 4 and depicted in Fig. 5. The relative
error of the repeatedmeasurements is 0.56%, and the uncertainty of
each measurement was within 1.35%. Moreover, it is evident that
the reproducibility of the measurement is ensured for the modular
probe head system. The uncertainty for shot A1 of the other sam-
ples did not exceed 1%, and only sample 1 had an early 1% value.
This is believed to be the result of human errors introduced when
manufacturing the scintillators, wrapping them with Teflon tape,
and placing them in the probe head.

4. Conclusion

A PSD was fabricated via 3D printing, and the system was vali-
dated based on a gamma knife, which is a stereotactic radiosurgery
device. The difference between the absorbed dose rates of PSD and
the dose rates of the treatment plan was found to be less than 4.1%.
This result is attributed to the differences in the source intensity
and geometry between the calibration environment and the
gamma knife. To improve this, it may be necessary to propose a new
calibration method. Furthermore, independence of the dose rates
and beam irradiation angles of PSD was identified. Reproducibility
was also assured with a relative error of 0.56% during the repeated
measurements. The future development of additional precise cali-
bration methods is expected to enable therapeutic dose measure-
ments, using plastic scintillators larger than those used in
commercial plastic dosimeters.
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