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ABSTRACT

Purpose: The aim of this work is to investigate the feasibility of the Jagiellonian Positron Emission Tomog-
raphy (J-PET) scanner for intra-treatment proton beam range monitoring.

Methods: The Monte Carlo simulation studies with GATE and PET image reconstruction with CASToR were
performed in order to compare six J-PET scanner geometries. We simulated proton irradiation of a PMMA
phantom with a Single Pencil Beam (SPB) and Spread-Out Bragg Peak (SOBP) of various ranges. The sensitivity
and precision of each scanner were calculated, and considering the setup’s cost-effectiveness, we indicated
potentially optimal geometries for the J-PET scanner prototype dedicated to the proton beam range assessment.
Results: The investigations indicate that the double-layer cylindrical and triple-layer double-head configura-
tions are the most promising for clinical application. We found that the scanner sensitivity is of the order of
1075 coincidences per primary proton, while the precision of the range assessment for both SPB and SOBP
irradiation plans was found below 1 mm. Among the scanners with the same number of detector modules,
the best results are found for the triple-layer dual-head geometry. The results indicate that the double-layer
cylindrical and triple-layer double-head configurations are the most promising for the clinical application,
Conclusions: We performed simulation studies demonstrating that the feasibility of the J-PET detector for
PET-based proton beam therapy range monitoring is possible with reasonable sensitivity and precision enabling
its pre-clinical tests in the clinical proton therapy environment. Considering the sensitivity, precision and
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cost-effectiveness, the double-layer cylindrical and triple-layer dual-head J-PET geometry configurations seem
promising for future clinical application.

1. Introduction

Radiation therapy is frequently applied for cancer treatment. Proton
therapy offers an advantageous depth dose characteristic making pro-
tons a popular treatment choice for selected, often deeply seated tumors
located in proximity of critical organs at risk (OAR) [1-3]. However,
a significant limitation is the uncertainty in precise determining the
range of the proton beam that can result in underdosage of treatment
volume or overdosage of critical structure. One approach to overcome
this problem is the in vivo verification of the radiation delivery by
monitoring beam range. As the primary protons stop in the patient’s
body, monitoring techniques based on measurement of the secondary
particles, i.e., prompt gamma imaging [4-7], secondary charged parti-
cles tracking [8-11], and positron emission tomography (PET) [12-15]
have been proposed and tested pre-clinically and clinically. Range
monitoring may motivate the interruption of the beam delivery once
the proton range differs from the one prescribed in the treatment plan,
and be followed by online treatment adaptation, particularly when
hypofractionation or FLASH modality are applied.

The application of PET for proton range monitoring consists of imag-
ing f*-emitting isotopes, such as ''C (T1 =20.4 min), 1°C (T1 =19s) or
50 7
with the tissues in the patient. Due to patient positioning uncertainties
and washout effects, favourably, PET imaging should be performed in
the treatment room, during or just after the irradiation.

Different PET scanner geometries have been introduced and tested,
both experimentally and using Monte Carlo simulations, starting from
commercially available PET scanners mounted out of the treatment
room [16], towards more compact prototype solutions equipped with
fast and sophisticated data acquisition systems, and installed in the
treatment room, sharing space with gantry nozzle and treatment coach.

These included dual-head scanners [14,17-19] or more sophis-
ticated configurations such as the axially shifted, single-ring Open-
PET [20,21] or the axially slanted full-ring and dual-ring [22,23]
configurations.

To meet the requirements placed on PET-based range monitoring
systems in proton radiation therapy, the Jagiellonian Positron Emission
Tomography (J-PET) scanner [24,25], a novel, cost-effective, portable,
modular PET scanner, based on plastic scintillator technology, is being
considered for this application. Here, we present for the first time a
feasibility study of the different J-PET geometries for the application of
proton beam range verification. We performed Monte Carlo simulations
in homogeneous media to compare six geometries (three dual-heads
and three cylindrical), which could be potentially considered for beam
range monitoring in the treatment room. We report the relative effi-
ciency of the scanners for Single Pencil Beam (SPB) and Spread-Out
Bragg Peak (SOBP) irradiation plans. Quantitative analysis is conducted
to assess the precision of range detection in two acquisition protocols
with uniform phantoms and different scanner geometries, and to even-
tually indicate the optimal J-PET configuration for proton beam range
monitoring.

=2 min), produced during the nuclear interactions of protons

2. Materials and methods
2.1. J-PET scanner and geometries for proton therapy range monitoring

The existing prototype of the J-PET scanner and the schematic
illustration of its operation principle is presented in Fig. 1. The dis-
advantage of the plastic scintillators with respect to the conventionally
used crystal scintillations, is their efficiency [26] which in the case of
the proton range monitoring is enhanced as the expected statistics is

far beyond the level of clinical activities. Considering that the plastics
scintillators are relatively cheap and have photomultipliers at their
ends, the improvement in PET signal quality could be achieved by an
increase of the thickness of the plastic scintillator, adding subsequent
layers of plastic modules or increasing the length of the scintillators
to enlarge the Field-Of-View (FOV) [27]. Applying any of these ap-
proaches will increase the price of the system. However, the increase
is not as substantial as for the organic scintillators [26,28]. The J-PET
technology cost-effectiveness, portability, and the possibility to build
various geometries with the same amount of modules make the J-PET
scanner promising for proton range monitoring. Additionally, the J-PET
could also be applied with success in Total-Body PET imaging [25,28,
29], multi-gamma tomography using, e.g., positronium imaging [30,
31], fundamental physic studies on quantum entanglement [32,33],
studies of discrete symmetries in nature [24] or PET data reconstruction
methods development [34,35]. Moreover, plastic scintillators in J-PET
are characterized by short light signals with a decay constant of about
2 ns (factor of 20 to 150 less than these of crystal detectors) [25].
Therefore J-PET has two orders of magnitudes reduced probability for
signal pile-ups with respect to crystal PET systems, making it especially
promising for monitoring of high dose rate flash radiotherapy [36].

The modular J-PET technology (as presented in Fig. 1) was de-
veloped to allow its reconfiguration for different applications. The
J-PET module is built out of 13 separate 50 cm long scintillator strips,
each having a cross-section of 6 x 24mm?. Individual scintillators
are covered with kapton and reflective foils [37,38]. Each of the 13
scintillation strips is connected to 8 SiPMs, 4 at each side of the strip,
which convert the light into an electronic signal, further processed with
the FPGA electronics [39].

For the purpose of proton therapy range monitoring, we propose
and investigate six PET scanner configurations, built from the J-PET
modules (Fig. 2). The PET geometries can be classified as two general
types: the cylindrical (Fig. 2A-C) and the dual-head (Fig. 2D-F) con-
figurations, each of them in a single-, dual-, and triple-layer geometry.
The cylindrical setup could be used in the therapy room, whereas dual-
head setups could be potentially also considered for the in-beam or
inter-spill scenarios [40-42]. Each layer of the multi-layer cylindrical
system consisted of 24 modules. The dual-head configurations consisted
of 12, 24 and 24 modules for single, double and triple layer setups,
respectively. The radius of the system, defined as the distance between
the isocenter and the surface of the innermost strip in the module,
was equal to 369.9 mm and 300.0 mm for cylindrical and dual-head
configurations, respectively. The gap between adjacent layers was fixed
to 44 mm for all setups.

The modules in the cylindrical configurations were positioned par-
allel to the beam direction. In contrast, the modules in dual-head
configurations were positioned perpendicular to the beam, motivated
by the potential improvement of the J-PET detector resolution in the
direction perpendicular to the strips. When the modules are positioned
parallel to the beam direction (cylindrical setups), the precision of
the range measurement depends on the resolution of the interaction
position along the strip, which is determined by the detector’s timing
properties [27]. On the other hand, for the dual-head configurations,
the range measurement depends on the resolution determined by the
width of the plastic strips (6 mm), which is superior to that along the
strip length.

2.2. Monte Carlo simulations
In this work, we exploited Monte Carlo methods for simulation

and evaluation of the feasibility of various J-PET geometries for pro-
ton therapy range monitoring. We used the ProTheRaMon software
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Fig. 1. The modular J-PET scanner (left panel) developed as a cost-effective, diagnostic total-body PET prototype that was investigated in this study for intra-treatment proton
therapy range monitoring. The presented geometry corresponds to the single layer cylindrical configuration (see Fig. 2 A). The principle of annihilation gamma-rays detection with
the J-PET module is illustrated in the right panel. Annihilation gamma-rays(black arrows) create in the plastic scintillator photons (magenta arrows) which propagate to the ends
of the strip and are converted to the electronics signals by the silicon photomultipliers (SiPM).
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Fig. 2. The J-PET based geometrical configurations proposed for application in proton therapy range monitoring. In the Monte Carlo simulation study presented here we investigated:
single layer cylinder (A), double layer cylinder (B), triple layer cylinder (C), single layer dual-head (D), double layer dual-head (E), and triple layer dual-head (F) configurations.
A cylindrical water (blue) phantom was isocentrically positioned inside each of the configurations. The number of modules per layer in each head for single, double and triple
layer dual-head setups is 6, 6 and 4, respectively. Purple arrows show the direction of the proton beam.

framework, in which the delivery of proton therapy treatment plans,
scoring the g+ activity produced by protons during the treatment, as
well as the J-PET scanner response to the annihilation gammas [43]
were simulated.

For simulations of the treatment plan irradiation, we used the
Geant4 QGSP_BIC_HP_EMY physics list with the RadioactiveDecay
model. The beam model of the Cyclotron Centre Bronowice (CCB)
Krakow proton therapy centre, along with the CT calibration, were im-
plemented as described in [44]. For the simulation of the two 511 keV
photon propagation from the positron-electron annihilation position
to the PET scanner and their interaction with the plastic scintillator,
the emlivermore_polar physics list was used. We did not simulate
scintillation processes, but we considered the energetic resolution of
the scintillators [25] calculated based on experimental measurements,
performed for the plastic scintillator strips [45]. The fractional energy

resolution for the energy deposited by the annihilation quanta is equal
to 7.5% at the Compton edge. A 200-380 keV energy window was set to
extract a list of the coincidences, along with a 3ns time window [25].

In this study, we simulated the irradiation of a PMMA phantom
with proton SPB and SOBP of various ranges, and data acquisition
protocols to investigate the feasibility of different J-PET geometries for
proton range monitoring. All treatment plans were optimized in the
Varian Eclipse 16.1 treatment planning system, used routinely in CCB
for patient treatment planning.

The SPB plans were prepared with nominal proton energies of
125.68 MeV, 127.15 MeV, 129.34 MeV, and 132.25 MeV, irradiating
a 5 x 20 x 5cm® PMMA phantom, achieving the corresponding Bragg
peak range of 100 mm, 102 mm, 105 mm, and 109 mm, respectively.
The plans were normalized to 8 Gy in the Bragg peak maximum, which
corresponds to about 3.3 - 10° primary protons.
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Three sets of SOBP plans were prepared to obtain homogeneous
dose distributions in 3 x 3 x 3cm?, 5 x 5 x 5cm?, and 7 x 7 X 7cm?
cubes, inside a 20 X 15 x 20cm> PMMA phantom. Each of these sets
was optimized to obtain the SOBP range the same as for the SPB plans,
i.e. 100 mm, 102 mm, 105 mm, and 109 mm, leading to 12 SOBP
plans of varying volume and range. The plans were normalized to
4 Gy(RBE) in the SOBP cube, leading the total number of primaries of
about 4.0-10'°,9.6-10'°, and 2.1-10'!, for the small, medium, and large
cubes, respectively. Both, the SPB and SOBP plans were irradiated along
the y direction of the corresponding phantom (see Fig. 2).

For the simulation of 511 keV annihilation photons propagation, the
phantoms were positioned isocentrically inside the PET scanners. We
assumed the in-room PET acquisition to start 90 s after the end of the
irradiation and last for 120 s.

2.3. PET image reconstruction

The CASTOoR software [46] v. 3.1 was used for the PET data re-
construction. Since CASToR does not allow TOF modelling of the
scintillation quanta propagation along the plastic scintillator strips,
these were discretized to 100 artificial scintillators (6 x 24 x 5mm?)
along the longest dimension of the plastic strip. This discretization
corresponds to the TOF resolution (FWHM = 5 mm) along the J-
PET strips [25,47]. The list-mode TOF MLEM reconstruction algorithm
was used with TOF resolution equal to 500ps (FWHM) and with
Siddon projector. Reconstructed images were corrected for sensitivity
and attenuation. The PMMA linear attenuation coefficient was set to
0.104cm~!. Reconstruction voxel was 2.5mm?, isotropic. The recon-
structed FOV was restricted to the phantom size (5 x 20 x 5 cm? for
SPB and 20 x 15 x 20 cm® for SOBP) to speed up the reconstruction.
The reconstructed images were smoothed with the 3D Gaussian filter
with =1 voxel [18]. The images were reconstructed with 3 iterations.

2.4. Analysis

The comparison of J-PET setup configurations was conducted for
both, SPB and SOBP simulations, considering (i) the sensitivity, and
(ii) the precision of range shift detection.

We defined the sensitivity, denoted 7, as the ratio of the number of
detected coincidence events per primary proton. It was calculated for
each geometry and SPB/SOBP of different range. The 5 factor is given
as:

n=-, (@)
p

where ¢ is the number of registered coincidences and p is the number of
simulated primary protons. In order to compare the six J-PET configu-
rations, we defined and calculated the geometry-dependent normalized
sensitivity factor H given as:

o = Teem ?)
Nref

where the #,,,, is calculated for the investigated simulation setup

(considering both SPB and SOBP simulations) and 7, is calculated for

the single layer cylindrical geometry.

The mean value H was calculated separately for the SPB and SOBP
studies for each geometry. For the SPB H was averaged over 4 beam
ranges and for the SOBP over 4 beam ranges and 3 different dose cube
sizes. The H values were compared between the scanners for each
simulation scenario separately.

We also performed a quantitative analysis of the precision which
can be expected for detecting proton beam range with different J-PET
geometry configurations. The dose range, R;, was calculated as the
depth of 80% of the distal fall-off of the integral depth dose (IDD)
profile of SPB or central axis profile of SOBP, as we found that analysis
method does not influence the estimation of the distal fall-off position.
Combinations of four dose ranges of SPB or SOBP, i.e. R, were equal to

Physica Medica 118 (2024) 103301

Table 1

The sensitivity # and normalized sensitivity factor H for SPB and SOBP irradiations
computed for the investigated J-PET geometries. The reference geometry is the single
layer cylindrical setup.

Setup SPB SOBP

1071 o101 H  l10°]  o(mI10°] H
Single layer cylindrical 9.45 0.29 1.0 3.64 0.22 1.0
Double layer cylindrical — 27.41 0.80 29 10.76 0.65 2.9
Triple layer cylindrical 45.72 1.26 4.8 18.00 1.11 5.0
Single layer dual-head 3.79 0.13 0.4 245 0.19 0.7
Double layer dual-head 10.55 0.35 1.1 721 0.56 2.0
Triple layer dual-head 10.22 0.26 1.1 892 0.78 2.4

100 mm, 102 mm, 104 mm, and 109 mm, allowed to analyse six dose
range differences, 6R, i.e. 2 mm, 3 mm, 4 mm, 5 mm, 7 mm, and
9 mm. The differences in dose range, 5R;,, of SPB or SOBP irradiations
were assumed to be the reference for the activity range analysis.

The activity range, R, [48], was calculated by fitting a sigmoid
function to the distal fall-off of the 3D activity distribution recon-
structed with a given J-PET geometry. Based on the fit, the R, was
determined at 50% of the distal fall-off maximum [49-51]. The dif-
ference of six activity ranges, R, associated with the six reference
differences in dose range, § R, was calculated by subtracting the range
of fitted activity profiles. The deviation between activity and dose range
difference, AR, was individually calculated for each geometry setup and
for SPB and SOBP, as:

AR=5R, —5R, . 3)

Note that for a PET scanner that flawlessly reconstructs the emission
activity distribution, the AR is expected to be equal to zero.

We calculated the uncertainty of the deviation between activity and
dose range difference (4R) for each investigated scanner geometry and
for SPBs and SOBPs of different field size. For this purpose, the mean AR
and standard deviation cAR of AR was calculated, AR being proposed
as a metric of the precision of the activity range detection.

3. Results
3.1. Sensitivity

The ratio of detected coincidence events per primary proton (1),
and the normalized sensitivity factor (ﬁ), all computed for SPB and
SOBP irradiations in six J-PET geometries are given in Table 1. The
n factor for the SPB ranges from 0.4 - 107 to 4.8 - 107 for single
layer dual-head and triple layer cylindrical setups, respectively. For
the SOBP the numbers are smaller due to the bigger phantom (greater
attenuation) and range from 0.25 - 10~ to 2.0 - 107 for single layer
dual-head and triple layer cylindrical setups, respectively. The greatest
value of H is observed for the triple and double layer cylindrical setups
and the lowest for the single layer dual-head. For the SBP irradiation,
the sensitivity of the J-PET geometries consisting of the same number
of modules, i.e., single layer cylindrical, double layer dual-head and
triple layer dual-head is comparable within about 10%. However, for
the SOBP scenario, the geometry-specific sensitivity factor H varies
significantly (about 2-2.4 times) for double and triple layer dual-head
setups with respect to the single layer cylindrical geometry. It shows
the advantage of adding the subsequent detector layers over the greater
coverage of the FOV when the same number of modules is available.
For the cylindrical setups, the addition of the new layer of modules
increases the sensitivity of the system.

3.2. Examples of reconstructed activity distributions and profiles

We selected exemplary images for cylindrical and dual-head config-
urations considering the sensitivity (H factor) and cost-effectiveness of
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Fig. 3. Example of the reconstructed PET images resulting from the SPB irradiation at 125.68 MeV and range of 100 mm. The activity distributions reconstructed with 3 iterations
are shown for the double layer cylindrical (top row) and triple layer dual-head (bottom row) geometries. Post-reconstruction 3D Gaussian smoothing of the activity distribution
with ¢ equal to 1 voxel was applied. The PMMA phantom size is 5 x 20 x 5 mm?®. The voxel size is 2.5x2.5x2.5 mm>.

the setup. For the cylindrical setup, the H factor increases by about
300% between single (24 modules) and double layer (48 modules)
configuration, while increasing only by about 70% from the double (48
modules) and triple layer (72 modules) configuration. We, therefore,
consider the double layer geometry as the more cost-effective solution
for the cylindrical configuration [25,43]. The triple layer dual-head is
characterized by the highest H factor and is constructed of only 24
modules.

Reconstructed PET images from the double layer cylindrical and
triple layer dual-head geometry, for SBP and SOBP irradiations, are
shown in Fig. 3 and Fig. 4, respectively. For both geometries, the
relation between reconstructed images and the corresponding dose,
production, and emission distributions, was previously shown in Borys
et al. 2022 [43]. It could be found that the triple layer dual-head
geometry setups do not suffer from missing projection artefacts. The
reason is limited reconstruction FOV to the phantom region only,
using the TOF information and the smoothing procedure applied to
the reconstructed image. Furthermore, in Fig. 5 we show an example
of profiles taken through images reconstructed following the SPB and
SOBP irradiations, together with the fitted sigmoid functions, as well
as the corresponding emission profiles for comparison. As in Figs. 3
and 4, only the double layer cylindrical and triple layer dual-head
configurations are shown.

Note that the fall-off reconstructed image profiles for the SBP irra-
diations are qualitatively more similar to the emission fall-offs than the
fall-offs obtained from the SOBP irradiations.

3.3. Precision of range shift detection with various J-PET geometries

Figs. 6 and 7 show AR, the difference between the range shift in the
dose and the range shift as measured from the reconstructed activity
distributions after fitting the sigmoid function, for simulations of SPB
and SOBP field irradiations, respectively. The figures have six panels,
each of them showing the results for one of the investigated geometrical

Table 2
Calculated distances between measured and reference difference for the SPB and SOBP
study.

Setup SPB study SOBP study
AR [mm] 64 [mm] AR [mm] o4 [mm]

Single layer cylindrical 0.22 0.26 0.10 0.50
Double layer cylindrical 0.45 0.27 0.17 0.36
Triple layer cylindrical 0.40 0.27 0.31 0.64
Single layer dual-head 0.79 0.58 0.07 0.83
Double layer dual-head 0.33 0.42 -0.37 0.43
Triple layer dual-head —-0.06 0.04 —-0.05 0.56

configurations of the J-PET scanner. For the SOBP irradiations, the
results for three irradiation fields of different sizes are given. Addi-
tionally, in Table 2 calculated mean and standard deviation values are
given separately for the SPB and SOBP irradiation.

The mean of the differences in range shift, between the reference
and the measurements made on reconstructed images, ranges from
—0.37mm to 0.85 mm. These values are smaller than the voxel size
of the reconstructed PET image (isotropic 2.5 mm). The standard
deviation of AR, which we associate with the precision of the range
detection, is below 1 mm for both, SPB and SOBP irradiations. For all
the investigated geometries, higher precision is observed for the SPB
than SOBP. The best precision for the SPB is found for the triple layer
dual-head and the worst for the single layer dual-head. All cylindrical
configurations show similar precision for the SPB investigation. Among
the dual-head setups, the single layer geometry has the worst results for
both SOBP and SPB studies.

Comparing the geometries with the same number of modules, for
the SPB the best range detection precision was found for the triple
layer dual-head, whereas for the SOBP the double layer dual-head
configurations was found to be superior.
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Fig. 4. Example of the reconstructed PET images resulting from irradiation of the SOBP of 5 X 5 X 5cm’ and 100 mm range. The activity distributions reconstructed with 3
iterations are shown for the double layer cylindrical (top row) and triple layer dual-head (bottom row) geometries. Post-reconstruction 3D Gaussian smoothing of the activity
distribution with ¢ equal to 1 voxel was applied. The PMMA phantom size is 20 x 15 x 20 mm®. The voxel size is 2.5x2.5x2.5 mm?>.
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Fig. 5. Examples of emission profiles, reconstructed activity profiles and sigmoid function fitted to the reconstructed profiles for SPB (left column) and SOBP irradiations (right
column) for double layer cylindrical (top row) and triple layer dual-head (bottom row) geometry configurations.
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Fig. 6. AR for all six geometries of the J-PET scanner investigated for SPB irradiations. Top row shows the results for cylindrical geometries and the bottom for the dual-head
setups. The columns from left to right present the results for the single, double and triple layer scanner geometries.
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Fig. 7. AR for all six geometries of the J-PET scanner investigated for SOBP irradiations with different fields size. Top row shows the results for cylindrical geometries and the
bottom for the dual-head setups. The columns from left to right present the results for the single, double and triple layer scanner geometries.

4. Discussion

The AR values, the difference between the range shift in the dose
and the range shift as estimated from the reconstructed activity distri-
butions, are mostly smaller than the expected J-PET resolution, which
is at the level of a few millimeter [25]. It is expected that the spatial
resolution on range monitoring will be the same. Therefore, it can
be concluded that following experimental verification, in principle,
all investigated configurations could be considered for practical ap-
plication in proton range monitoring. However, it should be stressed,
that the investigations presented here were performed in a uniform
phantom. Further studies to assess the feasibility of range detection
for heterogeneous Intensity-Modulated Proton Therapy treatment plans
in non-uniform patient tissue are required [42]. Potentially small
differences between the investigated geometries observed here for sim-
plified quality assurance settings may result in much more significant
differences in a clinical setting. In this context, both precision and sensi-
tivity should be considered essential factors for geometry optimization,
taking into account that the general rule for PET imaging is that greater
statistics will improve the reconstructed image quality.

The presented results, considering both sensitivity and precision, as
well as the cost-effectiveness of J-PET based configurations, indicate

that the double-layer cylindrical and triple-layer dual-head configura-
tions are the most promising for range monitoring in the treatment
room. The triple layer dual-head geometry has the greatest efficiency
factor H (as it is shown in Table 1) among the scanners with 24 mod-
ules. This is the number of modules currently available and undergoing
commissioning with the modular prototype of the system. The double-
layer cylindrical geometry is the envisioned final Total-Body J-PET
geometry [25] and would potentially benefit from the experience of the
J-PET group in scanner construction and future operation. Note that the
double-layer setup has a sensitivity increase of 300% with respect to the
single-layer setup, while the triple-layer setup has a sensitivity increase
of about 70% with respect to the double-layer configuration, pointing
to the double-layer scanner as the most cost-effective configuration.
Direct comparison with other PET range monitoring systems in
not straightforward due to the differences in the experimental setup,
e.g. phantom size or irradiation plans. Recently, the mobile PET system
DoPET, developed at the University of Pisa, Italy [52,53], has been
investigated for the application of range monitoring in proton ther-
apy. Various phantoms were irradiated and PET signal was acquired
immediately after the irradiation for five minutes, mimicking the in-
room range monitoring approach. Their experiments and Monte Carlo
simulations with FLUKA [54,55] revealed that the efficiency factor
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(number of coincidences per primary protons) is at the level of =
2.85 - 1073, The double- and triple-layer J-PET scanners investigated in
this study have the sensitivity of the same order of magnitude as the
DoPET system. However, a comparison of the precision in range mea-
surement is challenging, considering the different irradiation and PET
acquisition scenarios (phantoms, treatment plan, acquisition protocol),
and is beyond the scope of this manuscript. In comparison to DoPET,
the J-PET systems show similar sensitivity, while its advantages are
the cost-effectiveness and modular design, which enable construction
systems capable of various PET acquisition scenarios and facilitate
installation in treatment rooms of different designs.

The uncertainties of the presented simulations study are related to
the assumptions made regarding irradiation and scanner. We applied
an artificial discretization of the plastic strip into a hundred 5-mm
long pseudo-crystals, which in the first approximation is in agreement
with the expected resolution of the currently produced 3rd genera-
tion J-PET scanner that uses wave length shifters (WLS) that offer
improved time resolution [25,47]. Minor uncertainties may relate to
the physics modelling used for the simulation of the activity production
and propagation of the 511 keV annihilation photons [43]. Based on
the clinical protocols used in CCB Krakow proton therapy centre, we
have also assumed 2 min PET acquisition time [42], while the detected
PET signal may substantially vary when modifying acquisition time.
The uncertainties related to the PET image reconstruction are related
to, e.g., sensitivity correction, normalization, attenuation correction,
number of iterations used in the reconstruction, post-reconstruction
image filtering. To simplify the presented preliminary analysis, we have
omitted the propagation of the uncertainty related to the fitting of
the activity profile fall-off to the §R and o R, values. The simulated
phantom irradiations were performed with relatively high doses of 4 Gy
(SBP) and 8 Gy (SOBP), characteristic of the hypofractioned treatments,
where range monitoring is of particular importance. Range monitoring
of patients with 2 Gy fraction doses will result in lower coincidence
statistics and is being further investigated in [42].

For the assessment and characterization of diagnostic PET scanners,
NEMA norms [56] are used. We propose that the sensitivity and pre-
cision analysis presented here be the first step towards introducing
similar norms for the evaluation of PET scanners for proton beam range
monitoring. This evaluation should, furthermore, consider such aspects
as cost-effectiveness and the suitability of the technology for intra-
treatment PET imaging. We believe that the ProTheRaMon frame-
work, offering a standardized simulation and image reconstruction
environment, may be helpful for reliable comparison of different setups.
A consensus and guidelines for the evaluation of PET-based range
monitoring techniques would be of great benefit in fostering future
developments in proton beam range monitoring and in its translation
into the clinic.

5. Conclusions

In this paper, the feasibility of the J-PET detector for PET-based
proton beam therapy range monitoring was investigated. Six different
scanner geometries were tested by means of simulations. Relative effi-
ciency and range assessment precision were computed in order to find
the optimal geometrical configuration.

The study reveals that considering the sensitivity, precision and
cost-effectiveness of different approaches, the most promising for the
intra-treatment clinical application are the double-layer cylindrical and
triple-layer dual-head configurations. Among the scanners with 24
modules of the J-PET detector, the best results were obtained with the
triple-layer dual-head system. All the systems show the feasibility of
range assessment with precision at the level of 1 mm for both SPB and
SOBP irradiations. Experimental validation of the presented results is
needed and ongoing.
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