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Abstract—A problem of range uncertainty is currently one
of the most challenging in proton radiotherapy. To tackle that
issue, the new, affordable, modular, lightweight, portable and
reconfigurable technology of plastic scintillator based positron
emission tomography was investigated. Monte Carlo simulation
study was performed to evaluate the feasibility of the J-PET tech-
nology for proton beam range monitoring. Various configurations
(single-layer, multi-layer, full ring, dual-head) were considered.
3D PET images were reconstructed using open-source CASToR
software and the expected detector signal, as a function of detector
acceptance and efficiency, was estimated. A relationship between
the dose and activity profiles was investigated. Experimental vali-
dation of the presented results is currently under the preparation.

I. INTRODUCTION

PROTON beam therapy (PBT) is an established cancer
radiotherapy technique. Due to the maximum dose de-

posited in the Bragg peak, at the end of the proton beam
range, PBT offers very good conformity of the dose deliv-
ered to the target volume allowing to spare the surroundings
organs [1]. Currently, in the clinical routine, safety margins
around the tumor of 3.5% proton range are applied in order
to ensure robust coverage of tumor volume. Potentially, an
accurate proton beam range monitoring could decrease the
safety margins [2]. Several different techniques, relying on
secondary radiation detected during or after the irradiation,
were introduced and tested in the clinic. Positron Emission
Tomography (PET) [3]–[5], prompt gamma monitoring [6], [7]
and secondary charged particles tracking [8]–[10] approaches
were investigated. Lastly, the feasibility of time reversal-based
protoacoustic reconstruction in 2D for proton range verification
was demonstrated using simulations [11]. In case of intra-
treatment PBT imaging, distributions of annihilation gammas
originating from β+ emitters produced by energetc protons
and acquired in PET scanners could be correlated with the
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proton beam range. Various clinical setups (in-beam, off-beam
or after-treatment PET) could be considered.

The new PET technology is developed at the Jagiellonian
University (J-PET), Kraków, Poland. In J-PET inorganic crys-
tals (i.e. LSO, LYSO, BGO) are replaced by the EJ-230
(ELJEN Technology) organic plastic scintillator strips. The
energy is deposited in the strips by Compton scattering (not
photoelectric absorbtion as in inorganic crystals). Produced
light scintillations are propagated throughout the strip up to its
end and converted into electric signals. Schematic depiction of
the signal acquisition concept with J-PET is presented in Fig. 1.
The J-PET prototype consists of 192 strips (7×19×500 mm3)
assembled to vacuum tube multipliers and arranged into three
cylindrical layers enabling acquisition of time-of-flight (TOF)
information. Moreover, TOF information is also used to deter-
mine the position of energy deposition along the strip length.
The scanner is dedicated for fundamental physics studies on
positronium imaging in the cancer diagnostic context [12],
discrete symmetries investigations [13], [14] and quantum
entanglement research [15], [16].

The second generation J-PET scanner (depicted in Fig. 1)
is already constructed and tested. Each of the 24 detection
modules consist of 13 independent, long scitillator strips
(6×24×500 mm3). The vaccum tube photomultipliers are re-
placed by the silicon photomultipliers (SiPM). The signals are
susequently read-out by a fast, customized on-board front-
end electronics with coincidence resolving time (CRT) of
about 500 ps [17]–[19]. Proposed modular, lightweight and
portable design of the scanner allows investigations of various
geometrical configurations depending on the application [20]–
[22].

The aim of this work is to study the feasibility of the new,
plastic scintilator based J-PET technology for range verification
in PBT. Number of coincidences for different geometrical
configurations, examples of reconstructed images based on
Monte Carlo simulations and differences between the dose and
reconstructed activity profiles will be presented.

II. MATERIALS AND METHODS

A. Monte Carlo simulations

GATE Monte Carlo toolkit [23] (ver. 8.2) with Geant4
[24] ver. 10.4.2 was used to simulate six geometrical con-
figurations of J-PET modules based on modular J-PET sys-
tem (single-layer, multi-layer, cylindrical, dual-head). Config-
urations were selected to address two potential clinic con-
ditions: in-room/off-beam (cylindrical) and in-room/in-beam
(dual-head). The simulated number of coincidences acquired
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Fig. 1. Scheme of the J-PET concept (left). Modular J-PET scanner. Each of
24 modules consists of 13 scintillating strips (right).

with J-PET, originated from β+annihilation photons induced in
PMMA target (5x5x20cm3) by a proton beam was investigated
(Fig. 2). The PMMA ionization potential was set to 80 eV.

Fig. 2. Schematic view on the simula-
tion setup cross section.

The simulated configura-
tions are presented in Fig. 3
and listed in Table I. The
configurations (A), (E) and
(F) were constructed with
the same number of mod-
ules to assess if the ad-
dition of more layers in-
creases the number of reg-
istered coincidence events.
108 primary protons (150
MeV) were simulated for
each setup. The time struc-
ture and physical model of the proton beam applied clinically
for cancer patient treatment of the Cyclotron Centre Bronow-
ice (CCB) located in Kraków, Poland was implemented in
Monte Carlo simulations as described in [25] and used for
the simulations. The QGSP BIC HP EMY physics list was
used in simulations with additional RadioactiveDecay model
incorporated. The energy and time windows were set on 200-
380 keV and 3 ns, respectively. The energy window was set
to:

1) Avoid mixing of the signal originating from the charged
particle and back-to-back photon interactions with the
plastic scintillators, which have energy above this thresh-
old.

2) Decrease the scattered coincidences fraction due to mul-
tiple scattering.

GATE PhaseSpace actor was set to obtain the true activity
profile.

B. PET data reconstruction

Customizable and Advanced Software for Tomographic Re-
construction (CASToR) [26] ver. 2.0.3 was used for the 3D
reconstruction of β+activity distributions. Since CASToR does
not take into account TOF information on the propagation
of scintillation light along the strip, plastic scintillators dis-
cretization to 100 digital rings (7×19×5 mm3) was applied
in axial direction. The list-mode TOF-MLEM reconstruction
algorithm (5 iterations with 500 ps TOF resolution without

Fig. 3. J-PET geometrical configurations used for single layer barrel (A),
double layer barrel (B), triple layer barrel (C), single layer dual-head (D),
double layer dual-head (E), triple layer dual-head (F).

regularization) was used accounting for attenuation and nor-
malization corrections. PMMA linear attenuation coefficient
was set to 0.104 cm−1. The activity map was reconstructed
in 2.5 mm3 isotropic voxel grid. All the coincidences (true
and scattered) integrated over the time were used in the recon-
struction. Scatter and random corrections were not performed.
Reconstructed images were smoothed using 3D Gaussian filter
with σ = 7.5×7.5×7.5 mm3 (3x3x3 voxels).

TABLE I
CONFIGURATIONS CHARACTERISTIC AND TOTAL NUMBER

OF REGISTERED COINCIDENCES PER 108 PRIMARY PROTONS.

CONFIGURATION NUMBER OF
MODULES

GEOMETRICAL
ACCEPTANCE

COINCIDENCES
ALL TRUE SCATTERED

single layer barrel (A) 24 0.39 590 455 94
double layer barrel (B) 48 0.39 1202 943 218
triple layer barrel (C) 72 0.39 1657 1318 285

single layer dual-head (D) 12 0.27 280 231 51
double layer dual-head (E) 24 0.27 948 764 161
triple layer dual-head (F) 24 0.18 1043 871 152

C. Data analysis

The activity profiles were integrated along the beam direc-
tion within the whole PMMA phantom region. The sigmoid
function was fitted to the distal fall-offs of the activity profiles:

1) Produced in a simulations ”true” activity.
2) Actual signal registered with J-PET.

produced in a phantom and reconstructed activity profiles. The
sigmoid function is fitted to the produced and reconstructed
activity distal fall-offs and the difference between the fall-offs
(at the half maximum) was calculated.

III. RESULTS

Table I lists the total number of registered coincidence events
integrated over time per 108 primary protons. True and scat-
tered fractions are distinguished. The comparison between the
geometrical configurations with the same number of modules
(A,E and F) revealed that the greater number of layers have
the prevailing effect on number of registered coincidences over
the geometrical acceptance.



Fig. 4. Normalized reconstructed β+activity distributions for the double layer
barrel (B) and double layer dual-head (E) configurations in axial (I), coronal
(II) and sagittal (III) view. Images were post-smoothed.

An example of the reconstructed PET images superimposed
on the CT of the homogeneous PMMA phantom for two
geometrical configurations (double layer barrel and dual-head)
are presented in Fig. 4. Reconstructed and produced (Monte
Carlo) β+lateral profiles integrated along Z direction, over the
whole phantom region for the double layer barrel and double
layer dual-head configurations are presented in Fig. 5.
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Fig. 5. Normalized reconstructed and true β+activity profiles integrated along
Z direction over PMMA phantom for: double layer barrel (top) and dual-head
(bottom). Phantom area is from -100 mm to 100 mm.

Although the small statistics, all setup configurations enable
reconstruction of the β+activity produced by proton beams.
The calculated differences between the produced and recon-
structed profiles are below 2 mm and a good agreement
between the profile shapes is observed (Table II). However,
the results suggest that presented configurations might overes-
timate the proton beam range.

IV. CONCLUSIONS

The simulation results show that all presented configurations
based on J-PET detector are feasible to acquire the β+activity
produced by therapeutic proton beams in phantom which are
sufficient for 3D reconstruction of PET activity distributions
using CASToR. However, iterative reconstruction algorithms

TABLE II
RANGE DIFFERENCES BETWEEN TRUE AND RECONSTRUCTED

ACTIVITY PROFILES.

CONFIGURATION RANGE
DIFFERENCE [mm]

single layer barrel (A) -1.18 (0.13)
double layer barrel (B) -1.42 (0.11)
triple layer barrel (C) -0.90 (0.13)

single layer dual-head (D) -0.76 (0.21)
double layer dual-head (E) 0.76 (0.14)
triple layer dual-head (F) -0.82 (0.10)

are not optimally suited for the reconstruction of the low statis-
tics PET images acquired with J-PET during proton therapy
irradiation. Further investigation with different reconstruction
algorithms is needed.

Although, the results show good agreement between the
estimated range from the produced and reconstructed activity
profiles, it is found that simulations from five configuration
setups slightly overestimate the proton beam range, which
might be addressed applying calibration, if the absolute activity
range is needed. This aspect requires further investigation.
Moreover, in order to decrease time needed for simulations, the
variance reduction techniques might be employed. Presented
results are calculated based on signal measured within the
whole PMMA phantom. The region in which the signal is
integrated e.g. the center of the PMMA phantom only, has
to be also optimized.

Further analysis is needed to correlate the reconstructed
β+activity profile with the dose distribution distal fall-off.
Treatment planning studies are needed to understand if appli-
cation of the J-PET technology has a potential to decrease the
safety margins around the tumor. So far only off-beam setups
are considered for the J-PET application for proton beam range
verification. For this purpose cylindrical setups are desired due
to larger geometrical acceptance, higher statistics and better
image quality. For the in-beam scenario, better solution seems
to be a dual-head approach as cylindrical J-PET based scanners
will override with the moving gantry. However, its application
has to be carefully investigated in terms of hardware (how
to embedded dual-head J-PET scanner to the moving gantry)
and software (’in-fly’ PET reconstruction). Solutions developed
within the J-PET collaboration utilizing FPGA electronics [18]
have a great potential to overcame these difficulties.

The characterization of J-PET sensitivity for proton beam
range detection is currently ongoing research activity. The
future plans include simulations of β+activity induced in
patient by proton treatment plans as well as experimental
validation of the simulations.
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