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a b s t r a c t

In our previous study, we proposed an integrated PG-PET-based imaging method to increase the pre-
diction accuracy for patient dose distributions. The purpose of the present study is to experimentally
validate the feasibility of the PG-PET system. Based on the detector geometry optimized in the previous
study, we constructed a dual-head PG-PET system consisting of a 16 � 16 GAGG scintillator and KETEK
SiPM arrays, BaSO4 reflectors, and an 8 � 8 parallel-hole tungsten collimator. The performance of this
system as equipped with a proof of principle, we measured the PG and positron emission (PE) distri-
butions from a 3 � 6 � 10 cm3 PMMA phantom for a 45 MeV proton beam. The measured depth was
about 17 mm and the expected depth was 16 mm in the computation simulation under the same con-
ditions as the measurements. In the comparison result, we can find a 1 mm difference between
computation simulation and measurement. In this study, our results show the feasibility of the PG-PET
system for in-vivo range verification. However, further study should be followed with the consideration
of the typical measurement conditions in the clinic application.
© 2023 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

The goal of radiation therapy is to deliver the maximum dose to
the tumour while sparing as much of the surrounding normal tis-
sue as possible. Compared with photon therapy that could delivers
an unnecessary dose to an extensive region of normal tissue [1e4],
proton therapy has the potential benefit of sparing normal tissue
with the characteristic dose distribution called as Bragg peak [5].

The initial kinetic energy of the proton beam determines the
beam range. However, the uncertainty of the proton beam range in
patients could be critical in accurately delivering the dose to target
volume and sparing normal tissues, due to the steep dose gradient
at the distal edge of the Bragg peak [6]. For this reason, treatment
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plans rarely are established using a single-field plan, even though
the conformal dose distribution can be realized. On the other hand,
intensity-modulated proton therapy, or techniques that patch the
lateral single-field and distal fall-offs, may will be employed to
reduce such risks. However, these techniques can deliver a rela-
tively high dose to normal tissues and have concerns that are still
highly sensitive to range errors [8]. Therefore, accurate prediction
of in-vivo proton dose distribution in the human body is particu-
larly important to improve treatment quality.

Various direct and indirect methods for in-vivo range verifica-
tion have been proposed in particle therapy [6]. Among them, the
prompt gamma (PG) [9e16] and positron emission tomography
(PET) [17e25] is themost feasible representative technique that can
indirectly predict the dose fall-off region by measuring the sec-
ondary radiation generated by the interaction between the proton
beam and the patient's body.

Even though the prompt gamma measurement technique has
the advantage of being able to accurately predict the point of a dose
fall-off region in the depth direction and can monitor the patient's
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dose in real-time during treatment, it has a limitation that
obtaining a three-dimensional (3-D) dose distribution because the
PG imaging technique has been studied for, mostly, the purpose of
proton range estimation with a one dimensional gamma detection
system. On the other hand, the PET imaging technique with high
detection sensitivity could be a practical approach for 3-D estima-
tion of the dose distribution. However, the distribution of proton-
induced positron emitters (PE) has a relatively poor relationship
with the dose distribution, therefore, the PET measurements have
to be compared with predicted activity distribution or other
reference images for treatment verification [25]. To overcome these
limitations, we have proposed a PG-PET system that combines the
advantages of PG and PET imaging methods and complementarily
estimates 3-D dose distribution [26]. During proton beam irradia-
tion, the proposed PG-PET system measures the PG distribution
using multiple detector modules comprised of a 2-D parallel-hole
collimator and a pixelated scintillator-based detector positioned
at various angles. After the beam irradiation is turned off, the PG-
PET system immediately starts measuring the PE distribution,
without the collimators. In our previous study above-noted, the
Monte Carlo (MC) method was employed to design and optimize
the PG-PET system, and several background reduction techniques
were suggested for clear verification of 3-D dose distribution in a
water phantom.

The purpose of the present study is to experimentally validate
the feasibility of the PG-PET system. Based on the detector geom-
etry optimized in the previous MC study, we manufactured a dual-
head PG-PET system. For a proof-of-principle study of the system,
we measured PG and PE distributions with a PMMA phantom for a
45 MeV proton beam.
2. Materials and methods

2.1. PG-PET system

2.1.1. SiPM-based GAGG detector and parallel-hole collimator
A dual-head PG-PET system was manufactured for proof-of-

principle purposes based on our previous optimization study us-
ing the MC method. A detector module comprises a Gd3Al2-
Ga3O12:Ce (GAGG:Ce) scintillator encapsulated with a Barium
sulphate (BaSO4) reflector coupled with a silicon photomultiplier
(SiPM) and a parallel-hole tungsten collimator. A 2-D array
GAGG:Ce scintillator was made by C&A Corporation (Sendai,
Miyagi, Japan). The 63.7 � 63.7 � 30 mm3 scintillator array is
composed of a 16� 16 array of 3.3� 3.3� 30mm3 unit scintillators
at 4 mm intervals. Between the unit scintillators, a 0.7 mm-thick
BaSO4 reflector is filled in a lattice form and a 0.2 mm-thick BaSO4
reflector surrounds the outside of the scintillator array (Fig. 1).
Based on the geometry of the GAGG:Ce scintillator array, a SiPM
array (model: PA3315-WB-1608) was customized by KETEK GmbH
Electric Corporation (Munich, Germany). The SiPM array consists of
an 8 � 16 array of 3 � 3 mm2 SiPM pixels at 4 mm intervals (Fig. 1).
The size of the SiPM pixels is slightly smaller than that of the unit
scintillator in order to minimize interference from the lights
generated by the adjacent scintillators. Each SiPM pixel consists of
38,800 15 mm-size microcells. The breakdown voltage and over-
voltage for SiPM array operation were set by the manufacturer's
recommendation as 27V and 5V, respectively. TSK-5353 optical
grease was used to bridge the gap (or boundary) of light signals
between the scintillator and SiPM, thus increasing the transfer
capability of the light signals. Finally, a 16 � 16 GAGG scintillators,
four 8� 16 SiPM arrays, and optical grease were used to construct a
gamma detection module combined as a dual-ended readout
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module that collects light signals at both ends of the scintillator
array (Fig. 1). The dual-ended readout systemwas manufactured as
a total of two sets to apply to the dual-head PG-PET system.

An 8 � 8 parallel-hole tungsten collimator for measuring PG
distribution was constructed by using two types of tungsten plates
and a plastic frame. One tungsten plate is a simple plate
1 � 68 � 200 mm3 in size, while the other is 1 � 68 � 205 mm3 in
size, with seven 1.15 � 200 mm2 grooves located at 8 mm intervals.
The plastic frame has seven 2 mm grooves spaced at 8 mm in-
tervals. The tungsten plates are inserted into the plastic frame to
create the lattice form (Fig. 2).

2.1.2. Data acquisition system
Multi-channel signals were processed by using an application-

specific integrated circuit (ASIC)-based data acquisition (DAQ)
system, in consideration of its compact size, expendability, and fast
processing speed. An ASIC is a circuit designed for a specific pur-
pose by removing unnecessary functions and has the advantages of
high processing speed, miniaturization, scalability, and versatility
of signal processing circuits [27], When the light emitted from a
scintillator reaches a SiPM pixel, it is transformed into an electrical
analogue signal. A signal processing circuit receives the analogue
signal from the SiPM pixel and determines whether it has to be
considered or not in the PG or PE analysis. The signal is then digi-
tized and transmitted to a computer for analysis.

In this study, we employed sixteen TOFPET2 64-channel ASICs
[28] made by PETsys Electronics (Oeiras, Portugal) in order to
process a total of 1024-channel signals measured by the dual-head
PG-PET system. A single 8 � 16 SiPM array (PA3315-WB-1608) was
connected to a front-end module (FEM) equipped with two TOF-
PET2 ASIC chips. A total of eight FEM-SiPM array sets (1024 chan-
nels) were connected to a front-end-board type D (FEB/D) equipped
with a Kintex 7 field programmable gate array (Fig. 3). Through the
FEM, multiple signals were processed by amplifying the signal and
classifying its energy and timing data into multiple pre-set signal
processing parameters. Next, 1024-channel signals were integrated
into the FEB/D and transmitted to the computer through 1 Gbps
Ethernet communication using a CAT6 LAN cable. The signal data
was stored in the computer in a list-mode that provided the
channel number, energy in nanocoulomb (nC) units, and time in
picosecond (ps) units. The accumulated data was stored for a spe-
cific measuring time, and analyzed and processed to obtain a pro-
jection image of the gamma emission distribution.

2.1.3. Dual-head PG-PET with cooling system
A pair of multi-channel GAGG scintillation detectors capable of

measuring both PG and PE distributions were constructed, as
illustrated in Fig. 4. Each detector could measure the interaction
position of the incident gammas in 16 � 16 positions (256 chan-
nels), and both ends of the GAGG scintillator through the four FEM
could process a total of 512-channel signals. We used a HLCD-40-
10-00-BD-BH-1 cable to connect two different types of printed
circuit boards of the FEM to minimize the obstructive factor for
incidental gammas caused by the shape of the FEM. Each FEM had
two ASIC chips.

The cooling system was constructed in the PG-PET system to
reduce the electrical noise resulting from the high temperature. The
customized heat sink was manufactured based on the structural
information of the ASIC chip mounted on the FEM. A small fan
cooled the heat sink combined with the FEM in the detector
housing. The air-cooling function was intensified by using an
aluminium box equipped with Peltier elements that cooled the air
inside the box. Thereby, ASIC cooling was almost constantly



Fig. 1. A gamma detection module combined using a 16 � 16 GAGG:Ce scintillator and customized four 8 � 16 SiPM arrays as a dual-ended readout module.

Fig. 2. Two parallel-hole collimators where two types of tungsten plates were combined in a lattice form on a plastic frame.

Fig. 3. (a) Front-end module (FEM) equipped with two TOFPET2 application specific integrated circuit (ASIC) chips, (b) front-end-board type D (FEB/D) equipped with Kintex 7 field
programmable gate array.
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Fig. 4. Dual-head PG-PET system equipped with TOFPET2 ASIC-based data acquisition system and cooling system.
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maintained. The Peltier elements were cooled using a commercially
available large fan as illustrated in Fig. 4. A switching multi-power
supply was employed to operate all of them simultaneously.

2.2. Performance evaluation of dual-head PG-PET system using test
sources

The performance of the proposed PG-PET systemwas evaluated
for gamma energies of 356, 511, 662, and 1275 keV. The 133Ba, 22Na,
and 137Cs sources were placed 410 mm from each detector surface
(i.e., about six times farther than the length of a detector). The
energy spectrum for each channel was measured at different times,
depending on the radioactivity of the four test sources. The energy
resolution was evaluated according to the full width at half
maximum (FWHM) of the peak of the Gaussian fitting curve on
each energy spectrum. In addition, the sensitivity for each channel
was evaluated by summing the detected counts in the energy range
of the FWHM of the peak. Variations of sensitivity for each channel
were obtained using a 38.5 mCi 137Cs source over 3 h of
measurement.

2.3. Acquisition of PG-PET images for 45 MeV proton beam

An experimental study to verify the proton dose distribution
was performed at the Korea Institute of Radiological and Medical
Sciences (KIRAMS). A 45 MeV proton beam with a 1 nA current
generated by an MC-50 cyclotron was irradiated to a
30 � 60 � 100 mm2 PMMA phantom to measure the PG and PE
distributions emitting from the phantom. Fig. 5 shows the experi-
mental setup. The pair of PG-PET detectors faced each other. The
surface of each collimator and the center of the scintillator were
11 cm and 37.6 cm from the center of the PMMA phantom,
respectively. A 10 cm-thick lead block for each detector was placed
next to the collimator and in front of the detector, housing to
protect the ASIC chips from background radiation generated by the
PMMA phantom. A 15 cm-thick lead block was placed behind the
PMMA phantom, in the proton beam direction, to protect the FEB/D
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board from the significant amount of radiation generated by both
the beam nozzle and the PMMA phantom.

The proton dose distribution was measured using EBT3 model
Gafchromic films by irradiating the beam for 200 s. The PG distri-
butions were obtained when the proton beam was turned on for
10 s (6.25 � 1010 protons) for the two different positions of the
PMMA phantom. The first PMMA phantom position was set at the
center of the collimator and the next position was the edge to the
beam nozzle side of the collimator. After measuring the PG distri-
butions, the collimators were disassembled from the detector
modules, and then the coincidence projection images of 511 keV
gammas emitted near the PE was obtained for 1000 s immediately
after 500 s of beam irradiation. The coincidence projection images
were reconstructed using a maximum-likelihood expectation
maximization (MLEM) algorithm implemented in Customizable
and Advanced Software for Tomographic Reconstruction (CASToR)
version 2.1, an open-source Cþþ parallel platform [29]. For PET
image reconstruction, the sub-set and the number of interactions
were 5 times, respectively.

3. Results and discussions

3.1. Performance evaluation using test sources

The performance of the proposed PG-PET systemwas evaluated
for gamma energies of 356, 511, 662, and 1275 keV. As shown in
Table 1, the performance evaluation shows the mean energy reso-
lutions and standard deviations of the energy spectra as measured
in the scintillator pixels of each detector for four gamma energies.
According to each energy, the mean energy resolution was evalu-
ated at15.4%,12.7%,11.4%, and 3.5% on detector 1, and the higher the
energy, the better the energy resolution was evaluated. In addition,
the standard deviation was evaluated to be about 3%. The mean
energy resolution of detector 1 was about 2% better than that of
detector 2. Regarding the sensitivity variations for every scintillator
pixel, the standard deviations of peak counts of detector 1 and
detector 2 were 12% and 24%, respectively.



Fig. 5. Experimental setup at Korea Institute of Radiological and Medical Sciences for
imaging performance test of PG-PET system as proof of principle.
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3.2. Acquisition of PG-PET images for 45 MeV proton beam

3.2.1. Proton dose distribution
Dose distributionmeasurements using EBT3 films indicated that

the 45 MeV proton range of maximum dose in the PMMA phantom
was 17 mm (Fig. 6 (a)), which was predicted by the MC method
using Geant4.10.00. p02 (Fig. 7 (a)). For the MC simulation, the
range cut value of gamma and electrons was set as 100 mm and the
Table 1
Energy resolutions measured in scintillator pixels of dual-head PG-PET system for four g

356 keV 511 keV

Det.1 Det.2 Det.1 D

Energy resolution (%) 15.4 ± 2.8 17.3 ± 3.1 12.7 ± 1.1 1

2022
physics model was set to QGSP_BIC_HP_EMY [30]. The character-
istics of the secondary radiations emitted by a 30 � 60 � 100 mm2

PMMA phantom by interaction with a 45 MeV proton beam were
analyzed. PG evaluated the number of gammas generated by the
inelastic reaction of protons with the PMMA phantom, and each PE
nuclide was evaluated assuming that PE generated 500 s after
proton beam irradiation was calculated for about 1000 s. Regarding
the depth dose distribution, as the depth increased, the dose dis-
tribution spread out. The shape of the lateral dose distribution was
an inclined oval shape of 20 mm in diameter (Fig. 6 (b)), and the
calculated diameter by the MC method was about 17 mm (Fig. 7
(b)). Considering the difference in photosensitivity of EBT3 film,
the actual measurement showed a difference of about 3 mm in
diameter. The width of the lateral dose distributionwas the longest
in the region slightly above the center of the dose distribution, and
it tended to shorten in the outer region.

3.2.2. Prompt gamma (PG) distribution
For a proof-of-principle experiment, the PG distributions for the

45 MeV proton beam were obtained in two different PMMA
phantom positions. The PG distributions were measured for 10 s
(6.25 � 1010 protons) of beam irradiation. As shown in Fig. 8, The
range of the proton beam in the PMMA phantom confirmed using
EBT film was 17 mm, but the range of the proton beam confirmed
through Geant4 simulation and PG imaging acquisition was eval-
uated as 16 mm. This 1 mm difference is expected to be due to the
variation in the photosensitivity of the film inwhich the conditions
at the time of the experiment were comprehensively expressed
[31,32]. The intensity of the PG distribution in relation to the depth
direction was rap idly decreased at a depth of 16 mm from the
surface, near the position of the Bragg peak. Regarding the lateral
distribution, the intensity of the PG distribution was steeply
increased in the 20 mm diameter around the center of the proton
dose distribution. Based on the results of the PG distribution
measurements, we report herein that 6.25 � 1010 protons are suf-
ficient to clearly discriminate a PG distribution. However, further
study is necessary in order to quantitatively evaluate the minimal
proton fluence with the higher proton energies routinely used in
clinics.

3.2.3. Positron emitter (PE) distribution
The PE distributions for the 45 MeV proton beam were esti-

mated according to the coincidence projection images of 511 keV
gammas reconstructed using the MLEM algorithm implemented in
the CASToR software. The coincidence events were processed for
events only in the 511 keV peak region in the channels’ energy
spectra. The time resolution for the coincidence events was 3.6 ns
for a distance of 752 mm between the centres of the two GAGG
scintillator arrays.

The measured PE distributions showed that the PE was densely
concentrated near the dose fall-off region. As shown in Fig. 9, the
intensity of the PE distributionwas sharply increased at 4 mm from
the entrance surface of the phantom. Although the peak position of
the distribution was at a depth of 12 mm, there was a rapidly
decreased at a depth of 16 mm, showing a distribution to the
Gaussian peak distribution. The lateral PE distribution showed a
amma energies.

662 keV 1275 keV

et.2 Det.1 Det.2 Det.1 Det.2

4.3 ± 3.3 11.4 ± 1.4 13.1 ± 3.1 3.5 ± 2.2 5.2 ± 3.6



Fig. 6. (a) Depth dose distribution of 45 MeV proton beam measured by EBT3 film at central plane of PMMA phantom, (b) lateral dose distribution of 45 MeV proton beam on
surface of PMMA phantom.

Fig. 7. Proton dose distribution and generation distributions of PG and PE (a) in lon-
gitudinal direction and (b) lateral direction by Monte Carlo method.
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Gaussian peak shape with a FWHM of about 12 mm. The peak
position was located slightly above the center of the PG distribu-
tion, just like the distribution of the width of the lateral dose dis-
tribution. While the lateral distribution diameter of 13 N calculated
by the MC method was 12 mm and the peak position was 13 mm,
the measured lateral distribution and peak position were 12 mm
and 16 mm, respectively (Fig. 7). Although there was a 3 mm dif-
ference in peak position, based on the experimental results of PE
distribution measurement, we assumed that PE distribution, owing
to its higher spatial resolution, could better estimate a more real-
istic lateral dose distribution than PG distribution.
4. Conclusion

Based on the MC simulation study previously conducted to
design the integrated PG-PET imaging system, the PG-PET system
was constructed for a proof-of-principle study using a 45 MeV
proton beam.We successfully obtained PG and PE distributions with
a dual-head detection system. The experimental results for the PG-
PET system demonstrated that the PG distribution can be
measured simply by combining the 2-D parallel-hole collimator and
the PET detector module. Furthermore, the results showed that the
PG and PE distributions have advantages for estimating the proton
range and the lateral shape of the dose distribution, respectively.

However, the proton beam nozzle employed in clinics uses a
beam of 60e220 MeV energy and 0e40 nA intensity, which is
higher than the KIRAMS beam of 45MeV energy and 1 nA intensity.
The amount of background radiation, including the neutrons,
would also be higher because the proton energy is higher. To
address this point, a collimation system filled with low-density
materials with a high portion of hydrogen for neutron shielding
will be studied in the future.

Moreover, an accurate 3-D dose evaluation technique may also
be applied to this system for various proton energies using deep-
learning algorithms based on dose, PG, and PE distribution image
sets acquired using the MC method. Through an additional study
considering the limitations of the current study, mentioned above,
we expect that the proposed PG-PET system will further improve
treatment quality by realizing a more efficient workflow for
adaptive proton therapy.



Fig. 8. PG distributions for 45 MeV proton beam, as measured for two different positions of PMMA phantom: (a) phantom located in center of collimator, (b) phantom located at the
edge to the beam nozzle side of the collimator.

Fig. 9. Coincidence projection images of 511 keV gammas for 45 MeV proton beam reconstructed by MLEM algorithm, as measured for two different positions of PMMA phantom:
(a) phantom located in center of field-of-view of collimator, (b) phantom located at the edge to the beam nozzle side of the collimator.
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