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INTRODUCTION

In the past ten years, proton therapy has gained significant
importance as a radiotherapy technique, leading to the establishment
of dedicated treatment centres around the globe. Its rising
popularity can be attributed to the favourable way in which
protons deposit energy, featuring a Bragg peak at the end of their
path within the patient’s tissues [1, 2]. This characteristic ensures
precise dose deposition, minimizing damage to healthy tissue,
a distinct advantage over traditional photon radiotherapy. However,
uncertainties arising from factors such as anatomical changes,
patient positioning, and treatment planning necessitate the
incorporation of safety margins during irradiation. Implementing
an efficient real-time monitoring method for proton therapy can
potentially decrease these safety margins, subsequently enhancing
the precision of treatment administration [3, 4].

Real-time monitoring of dose distribution in proton therapy may
be achieved by detecting the secondary gammas [5, 6], neutrons
[7, 8], or positron-emitting substances [9, 10] generated during
nuclear reactions of protons with the atomic nuclei of patient tissue.

The most clinical imaging method used for proton range monitoring
is positron emission tomography (PET), based on the detection
of 511 keV gamma rays resulting from positron emission decay
of proton-induced radioactive nuclides such as *'C, 3N, and
150 [10, 11]. Four different PET acquisition protocols, including
in-room, off-line, in-beam, and inter-spill modes, are currently
performed for proton range monitoring [4]. Nonetheless, the two
former approaches face challenges due to the limited efficacy of
reconstructed activity images, attributed to the low effective activity
within the patient’s body and the impact of physiological processes
leading to washout effects [12-14]. During the in-beam mode,
although the washout effects decrease, a high level of noise is
introduced to the registered coincidences due to all secondary
particles’ contribution [15]. Furthermore, for the last two modes it
is not possible to perform full-ring PET scanners due to geometrical
limitations. Therefore, unconventional PET configurations have been
designed and tested for proton beam range verification [16, 17].

Another promising approach for dose monitoring is the detection
of prompt gammas (PGs) emitted in nuclear reactions of protons
with the atomic nuclei [18] in tissue. It has been observed that
the number of PGs is much larger than the number of positron
emissions resulting from PET isotope decay [10]. Furthermore,
the absence of washout effects in PG measurement [19] and
good correlation between the proton range and PG distribution
[20-23] are other important advantages that make measuring
PGs a viable method for clinical application.

Various approaches utilizing PG information for real-time proton
range monitoring are currently under development, such as
PG timing [24-26], gamma-ray spectroscopy [21, 27], and
PG imaging. The latter involves the development of two main
monitoring systems, a passive approach, e.g. knife-edge-slit
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cameras [5, 28-30], and an active one, such as Compton cameras
[31-33]. Compton cameras generally consist of one or more
detection planes, referred to as “scatterer(s)”, and a final plane
that acts as the “absorber”. Using the deposited energies and the
interaction positions of PGs interacting via the Compton effect
with the detector, the reconstruction of PG emission distribution
is feasible. Despite its potential [34-36], a significant obstacle
in the realization of real-time Compton camera imaging is the
limited signal-to-background ratio observed in clinical settings.
This challenge primarily stems from several factors, including the
reduced effectiveness of radiation detectors at high gamma-ray
-energies [37, 38], restricted detector performance under conditions
of high counting rates [2], and the presence of unwanted radiation
stemming from scattered protons [39] and neutrons [21, 40].

The idea of hybrid detection modalities was introduced as an
alternative strategy to tackle the limitations mentioned earlier [41].
The proposed integration of PET and Compton imaging holds the
potential to leverage the enhanced resolution and sensitivity of modern
PET technology [42]. Concurrently, it can also address the constraints
that PET faces when using multiple radiotracers for molecular imaging
[43-45]. Furthermore, recent studies [46] indicate that hybrid PET/
Compton camera systems might offer a viable method for quasi-real-
time proton range monitoring. This idea relies on the complementary
strengths of both methodologies: PG emission holds substantial
promise for real-time monitoring, while PET imaging provides valuable
tomographic and functional insights that enable the tracking of
physiological processes and assessment of tumour response.

In this work, we report on the feasibility of the Jagiellonian PET
(J-PET) scanner [47, 48] utilizing plastic scintillator strips as
a Compton camera imaging device for proton range verification.
To the best of our knowledge, this work represents the first
implementation of a plastic scintillator detection system as
a Compton camera for high-energy PGs emitted during proton
therapy. The performance of the J-PET, with a triple-layer, dual-
head design for in-beam range monitoring has been studied in
detail in our previous work, on the basis of Monte Carlo simulations
[49]. In this study, we conducted Monte Carlo simulations to assess
the viability of the proposed J-PET with a modified configuration.
Our findings showcase the J-PET’s capabilities as a Compton
camera and its capacity to tackle the challenges arising from the
PET/Compton camera combination for quasi-real-time monitoring
of proton beam range.

MATERIALS AND METHODS

J-PET scanner simulations

J-PET technology employs plastic scintillator strips to detect 511 keV
coincidence photons through the process of Compton scattering
[50]. These strips can be arranged in an axial configuration, enabling
a multilayer arrangement [51, 47]. The existing modular design
consists of 13 rectangular BC-420 plastic scintillator strips, each
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Fig. 1. Left: The simulated one-head geometry and relative distances in the detection setup. Right: The triple-layer, dual-head J-PET for the in-beam
protocol. The scatterer and absorber layers are shown in the Compton mode at the starting point of the geometrical optimisation study. Adapted

from [49] licensed under CC BY 4.0.

having a volume of 24 x 500 x 6 mm?3. The stack strips are arranged
into layers with a pitch of 7 mm in the transverse direction (along the
z-axis), which are read out at both ends using silicon photomultipliers
(SiPMs). Fig. 1. in the right panel displays the triple-layer dual-head
J-PET design proposed for the in-beam protocol. The placement
of the scatterers and absorber are also shown for the following
geometrical optimisation study at the starting point. Having excellent
intrinsic timing properties [50] allowing for electronic collimation,
and the flexibility to reconfigure various geometries with the same
number of modules, the J-PET scanner could hold significant promise
as a Compton camera for proton range monitoring.

To initiate the study, we should explore the performance of
a specific J-PET head, such as the top head depicted in Fig. 1. on
the left panel, functioning as a Compton camera. Subsequently, the
layers of another head can be incorporated into the first, either in
a layer-wise manner or by rotating the entire head 180° around the
z-axis, positioned realistically with respect to the beam direction
in the setup. Therefore, a thorough optimisation of the proposed
detector using Monte Carlo simulations is required from the outset.
Al of the simulation studies in this work were performed with GATE
platform version 9.2 [52, 53], based on Geant4 simulation version
11.0.1 [54]. The Compton Camera Module (CCMod) developed
by [55] (available in the GATE toolkit) was used to simulate the
performance of the J-PET prototype interacting with a point-like
isotropic and monoenergetic 4.44 MeV gamma source. To have
realistic statistics of 4.44 MeV PGs, a total of 108 protons from
a 150 MeV clinical beam [56] impinging on a water phantom with
a dimension of 50 x 50 x 265 mm?3 was simulated. The predefined
QGSP_BIC_HP_EMZ physics list [57] was used to define the
physical processes and their corresponding probabilities in the
study. Production threshold values were set to 0.1 mm to obtain
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an optimal balance between achieving an accurate simulation for
spatial dose distribution and minimizing computation time [58,
59]. Fig. 2. illustrates the energy spectra of PGs that originate in
the water phantom from any physical interactions. The emission
of the 4.44 MeV PG line is a result of the de-excitation process of
2C nuclei, which originates from the interactions of protons with
180 nuclei [60]. A production yield per incident proton of 1.81%
was achieved by considering an energy window of 4.2-4.6 MeV
(shown in Fig. 2.) to estimate the 4.44 MeV PG line contribution
and analysing the spatial correlation between its emission and
the proton beam range [61]. Therefore, a point-like gamma source
emitting 1.81 x 10° photons was simulated for achieving the
optimal detection setup of J-PET as a Compton camera. Option 4
of the standard electromagnetic physics list, including the Doppler
broadening effect, was selected for this study. Moreover, to take
into account experimental effects on the imaging resolution, an
energy resolution of ¢ (E)/E = 0.044/ \/ E(MeV) measured for
a single-strip J-PET prototype [50]) and a position resolution
smeared with a Gaussian distribution having full width at half
maximum (FWHM) of 5 mm along the length of the scintillator
strips (y-axis) [47] were included in the simulation. Therefore, the
spatial resolution of the J-PET detector, defined as the FWHM
of the point spread function (PSF), represents its capability of
determining the source position distribution as a Compton camera.
In this work, CCMod has been implemented as a dedicated GATE
actor to produce output containing the interaction positions and
the corresponding deposited energies within the J-PET modules
for all of the hits. Moreover, the interaction type, position, and
primary energy of all incoming photons reaching the detector
were stored. Singles were obtained by accumulating hits in each
detector layer, relying on a priori information about hit positions,
sharing the same parent ID, and involving Compton scattering
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Fig. 2. Energy spectrum of PG generated by a 150 MeV proton beam in
water. The area shown in blue was used to estimate the 4.44 MeV
PG contribution percentage produced by the proton beam.

interactions. Events with singles having the same parent ID and at
least one interaction in both the scatterer and absorber layers were
identified as coincident events. Later, the interaction sequences
of each coincident event were sorted in chronological order by
single time stamp values.

Source position reconstruction

The simulated data was subsequently converted into a desirable
format for reconstruction with the use of a list-mode maximum-
-likelihood expectation maximization (LM-MLEM) algorithm, as
described in [62]. In this study, the information on interaction
positions and the corresponding deposited energies in each scatterer
layer and in the absorber for events having up to three interactions
in total were analysed for image reconstruction purposes. As the
total deposited energy of most events with two interactions is not
collected completely in the detector, this may lead to a deterioration
in the source position determination. However, in the case of events
with three interactions, the primary energy of the gamma (E ) can
be accurately calculated using the equation [63]

1 4E,m,c?
E0=E1+_ E22+ 2 e

> E, +

)

1— cos6, (1)

in which E, and E, are the energy depositions within each scatterer
layer, m_is the electron mass at rest, cis the speed of light, and 6,
is the second scattering angle. Subsequently, the first scattering
angle 6, can be calculated using the Compton scattering equation

1 1
cosf; =1 — m,c? (— ——).
EO - E1 EO (2)

it should be noted that for each coincident event, the Compton
cone’s axis is formed by the first two Compton scattering positions,
its aperture angle is 0, and its apex is the first interaction in each
scatterer layer.
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Influence of the J-PET geometry on its
performance

Due to the low atomic number of plastic scintillators used in the
J-PET, a reduced detection efficiency of the coincident events is
expected, particularly for PGs at higher energy levels. Therefore,
the influence of some geometrical parameters was studied to
improve the detection efficiency, finding the optimal geometrical
layout in the following sections. The definitions of the detection
efficiency (D,) and true efficiency (T_) metrics used to evaluate
the J-PET response are as follows

Dy = <. 3)

where N, is the total number of photons isotropically emitted
in 4rtsr, and N_is the total number of events interacting via the
Compton effect at the first interaction and with at least one
interaction of the scattered photon in another layer of the detector.
The category of the events includes true Compton, back-scattering,
and randomly scattered events.

(4)

in which N, refers to the true Compton events, i.e. corresponding to
events whose interaction sequences occur in a forward direction
(layer-wise along the x-axis) and having at least one interaction in
the final layer (absorber). Taking into account the minimal possible
distance from the patient, the source-scatterer distance was fixed
at 200 mm for all the presented results.

RESULTS

Influence of the inter-detector distances

Fig. 3. presents the detection efficiency dependence as a function of
the inter-detector distances for one head of the J-PET. It can be seen
that D_ and T, increase by a significant factor of 4.2 and 4.6 when
the inter-detector distances decrease from 10 to 1 cm, respectively.
As expected, the solid angle subtended by each layer of the detector
at the previous one increases when the inter-detector distances
decrease, leading to a significant increase in the efficiency values.

Influence of the number of layers
in the scatterer

The number of layers (n) in the scatterer was changed while
keeping the inter-detector distances at 1 cm. As depicted, the
detection efficiency improves when the number of scatterer layers
increases from 2 to 5, due to a two-fold increase in the contribution
of true Compton events (see Fig. 4.). Thus, considering five layers as
the scatterers and the final one as the absorber provides relatively
sufficient statistics for true Compton events (~103 coincidences
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Tab. I. Number of true Compton and background events for the J-PET's
final configuration.

NUMBER OF TRUE TOTAL
INTERACTIONS COMPTON Lo EVENTS
2 708 214 922
3 477 118 595

for a single proton beam spot (~108) in clinical use [32]) for the
source position reconstruction (see Tab. I.).
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As is shown, a total number of 1.52 x 103 coincident events were
detected in the proposed J-PET, in which 61% and 39% belong
to events with two and three interactions in total, respectively.

Image reconstruction assessment

As previously mentioned in section 2, the quality of reconstructed
images obtained from the PSF study could be an evaluation metric
for J-PET performance as a Compton camera and allow for further
geometrical optimisation. The 2D profiles of the point source were
reconstructed. For all the presented results, a pixel-wise convergence
criterion was implemented in the LM-MLEM algorithm [64]. Fig. 5.
displays the fitting result of the PSF, showing spatial resolutions of
11 mm and 20 mm FWHM along the z- and y-axes, respectively. This
refers to the higher contribution of events with two interactions in
the image reconstruction, leading to a broader activity distribution in
both directions. This could be challenging when taking such events
into account in the image reconstruction stage.

Fig. 6. shows that image reconstruction using only the information
concerning events with three interactions. Although the image
quality along the y-axis is still not informative, it displays a superior
determination of the source position along the z-axis (the proton
beam direction in the real clinical setting), with a spatial resolution
of 6.5 mm FWHM. This illustrates that the more accurate the
total deposited energy of detected events within the detector,
the more precise the reconstructed source position distribution,
in spite of the limited number of such events resulting in white
pixels in the 2D reconstructed profile after a few number of LM-
-MLEM iterations. Therefore, correcting the deposited energy of
events with two interactions, either using the machine learning
approaches proposed by [33, 38] or by optimising the geometry
and evaluating its performance through more detailed Monte Carlo
simulations and measurements, could significantly improve the
source position determination.

DISCUSSION

The primary objective of this study was to utilize Monte
Carlo simulations to investigate the feasibility of the J-PET as
a Compton imaging device for verifying the range of proton
beams. To achieve this goal, a series of GATE simulations were
performed to analyse the capability of the J-PET application in
the context of the Compton camera imaging system. Firstly, the
simulation involved a clinical 150 MeV proton beam interacting
with a water phantom, estimating the PG emissions production
yield. Later, the interaction of the number of photons obtained
from the initial study (1.81 x 108) with an energy of 4.44 MeV
and one head of the J-PET detector was simulated to optimise
its geometrical configuration.

It was shown that besides decreasing the inter-detector

distances, increasing the number of scatterer layers up to 5 results
in a satisfactory number of coincident events for the presented

ORIGINAL ARTICLE
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PSF study. While the optimisation of the J-PET’s geometry yielded
a notable enhancement of approximately one order of magnitude
(~ 9.7) in true efficiency, the utilization of information from all
detected coincident events did not lead to a reasonable spatial
resolution for the position of the point source. The main reason
is due to a lack of information on the total deposited energy of
events having two interactions. However, it was shown that
reconstructing the source position using only events with three
interactions yielded a satisfactory spatial resolution of 6.5 mm
FWHM along the z-axis, despite the limited number of such
events. Consequently, a more sophisticated approach is required
when it comes to including events with two interactions, such
as machine-learning methods for recovering energy deposition,
thus obtaining the reconstructed source position more accurately
at the end.

BIO-ALGORITHMS AND MED-SYSTEMS, 2023; (1): 23-30

CONCLUSIONS

A preliminary study of the J-PET prototype optimisation was
performed, utilizing a Compton camera for reconstructing the
source position distribution. This proposed J-PET configuration
demonstrates considerable potential for quasi-real-time proton
beam range monitoring as a hybrid in-beam PET/Compton in future
clinical applications.
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