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Abstract

Commons Attribution 4.0 I proton therapy, a conformal and precise radiation dose is delivered to tumors, resulting in
improved treatment outcomes and higher survival rates. However, the depth-dose profile (Bragg
Peak) poses a significant concern for clinical applications, as even minor spatial uncertainties can lead
to undesired doses in normal tissues. Imaging techniques like Positron Emission Tomography (PET)
have been proposed to address this challenge. This study evaluates the suitability of the easyPET.3D
system for assessing 3D proton beam profiles through Monte Carlo simulations. The primary focus is
on accurately predicting the distribution of 3" emitters produced in a phantom after proton beam
irradiation. Simulations were performed to model the irradiation of homogeneous and hetero-
geneous phantoms with monoenergetic protons (energies ranging from 80 to 160 MeV) and obtain
the corresponding PET images of the phantom’s irradiation. The 3" production map (ground truth)
generated in the phantoms showed reproducible agreement with the PET image obtained. For the
energy beams simulated in this study, the relative deviation between the ground truth image and the
PET 3D image was less than 14%, for every beam energy. The easyPET.3D system could also
differentiate between the two materials in the heterogeneous phantom. Additionally, the distance
between the Bragg peak and the maximum intensity of PET image profile obtained remained
constant across all simulated proton energy beams, around 11.7 mm. This suggests that the
easyPET.3D system can be used as an effective tool to assess beam quality in proton therapy by
measuring the 3" activation map generated in phantoms and correlate it with the beam’s profile.
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1. Introduction

Particle therapy using protons or heavier ions stands as
a cutting-edge technique of radiotherapy and holds
great potential for notable progress in both cancer
treatment and research. Its effectiveness derives mainly
from the characteristic depth-dose curve, also known
as Bragg Curve. Charged particles initially deposit a
small amount of energy (plateau), but their energy loss
per unit of distance increases with depth [1]. This leads
to a prominent peak, known as Bragg peak, when they
approach the end of their range within the tissue. This
enables the delivery of a high radiation dose to the
tumor while preserving the surrounding tissues [2],
reducing the total energy deposited in the patient [3].
However, it is still not possible to take full advan-
tage of the potential of proton therapy due to various

© 2025 The Author(s). Published by IOP Publishing Ltd

sources of uncertainty related to the precise location
of the distal dose peak. These uncertainties arise from
factors such as organ motion, dose calculation
approximations, anatomical variations, and biologic
considerations, such as miscalculated relative biologi-
cal effectiveness (RBE) [3]. Such uncertainties can
result in clinically significant overdosing of healthy
tissues and underdosing of the tumor volume. Conse-
quently, substantial safety margins need to be incor-
porated into treatments. For instance, current
treatment plans implement an approximately 3%
uncertainty in dose delivery and a 3 mm uncertainty
in the delivery point [2]. In more specific cases, such
as brain tumors, the uncertainties are 1.7% + 2 mm,
and for prostate and lung cancers, they are 2.0% +
2mm [4]. Therefore, while clinical range margins
address patient-specific uncertainties, additional
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tools for proton beam monitoring and range ver-
ification in phantoms can still be valuable. This
study contributes to increasing confidence in the
characterization of the beam, which may support
quality assurance procedures, and, in the longer
term, help maximize the effectiveness and safety of
proton therapy.

Multiple experimental approaches for quality
assurance of proton beams have been reported [5—11].
However, these measurements are typically con-
ducted using either film dosimetry or ionization
chambers, which offer two-dimensional (2D) dose
distribution information with limited resolution.
Ionization chamber array-based devices such as
MatriXX and Zebra (IBA Dosimetry, Germany') is
widely used for lateral and depth-dose measurements,
respectively, but neither provides three-dimensional
(3D) dose information. Film dosimetry, including
EBT3 films, can suffer from pixel dispersion that
introduces statistical fluctuations in dose readings,
affecting precision in regions with highly localized
dose variations [10]. Moreover, both ion chamber and
film-based methods require frequent recalibration
and the fabrication and readout process can be time
consuming [11]. An alternative approach is polymer
gel dosimetry, which enables 3D dose measurements
with high spatial resolution due to its water-equiva-
lent composition that mimics human tissue response
[12]. However, they require careful preparation, are
prone to contamination, and exhibit time-dependent
polymerization as well as LET-dependent dose
response, which can lead to dose underestimation in
regions such as the Bragg peak, thereby limiting their
practicality for routine quality assurance [13].

Among the available imaging techniques, Posi-
tron Emission Tomography (PET) is a noninvasive
method used for monitoring the proton range
[14-17]. PET measures and images the 5" activity
generated by 5" -emitting isotopes (such as ''C and
130 118]) produced by nuclear interactions along the
proton beam path within the patient’s tissue [19].
Using PET scanners, it is possible to obtain three-
dimensional (3D) distribution maps of the activity of
these 31 emitters [15, 20]. Both the dose and the dis-
tribution of 3 emitter activity vary depending on the
ion species, energy, and tissue composition. The PET
signal diminishes at the Bragg peak, once the proton
energy falls below the energy required for the non-
elastic reactions that produce 3*-emitting isotopes
[21]. This results in a shift between the fall-off posi-
tions of the 3" activity and the dose distributions [6].
However, effective range verification can still be
achieved by comparing the distribution of 3" emitters
measured by PET scanners with the predicted yield
from simulations [16]. These simulations must incor-
porate the timeline of data acquisition and the specific
detector response [6]. Consequently, changes in the

1 . .
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particle beam range, a critical parameter for treatment
quality assurance, can be measured [2].

The integration of PET systems into the clinical
environment presents some challenges due to geo-
metric constraints ranging from the high background
radiation during beam delivery, low sensitivity of PET
imaging, and biological wash-out, which affects
directly the activity distribution of the PET imaging
[6]. According to [22], proton therapy quality assur-
ance could be improved by incorporating 3D dose
measurements mounted on the beam nozzle. These
3D systems could capture the complex distribution of
protons, providing detailed information to verify that
the range and dose precisely matches the planned
treatment volume, thereby reducing uncertainties in
treatment delivery.

In this work, simulations were conducted to eval-
uate the potential performance of the easyPET.3D
system [23], a compact, benchtop, and high-resolu-
tion PET system to predict the distribution of 3+
emitters in both homogeneous and heterogeneous
phantoms, irradiated with proton beams and to assess
the quality of the PET signal near the Bragg peak
region. A further aim is to investigate the relationship
between the 3" emitter distributions and the proton
range, while also providing an independent perspec-
tive on beam performance within a single exper-
imental setup.

The following sections present the design, fea-
tures, and working principles of the easyPET.3D sys-
tem as well as detailed descriptions of the simulation
performed. In this work a detailed comparison of the
obtained PET image with the ground truth of the 3+
emitter distribution maps is presented and discussed.

2. EasyPET.3D concept

In contrast to conventional PET scanners, which have
detectors distributed uniformly in a full circumfer-
ence (ring geometry), the easyPET scanners family,
developed and patented at the University of Aveiro
[24], stands out by its unique acquisition method. It
employs only two opposite detector modules that
rotate intelligently through a dual motor system with
two degrees of freedom, enabling complete coverage
of the Field-of-View (FOV) and producing images
comparable to those generated by a ring-based PET
scanners. Its particular design allowed for a significant
reduction in cost compared to traditional full-ring
PET detectors. More detailed information about the
easyPET.3D movements can be found in [23].
Regarding the detectors, the easyPET.3D system is
composed by LYSO:Ce (Cerium-doped Lutetium
Yttrium Orthosilicate) crystals, from Epic-Cristal,”
with dimensions 2 x 2 x 30 mm”. The system has two
crystal matrices, one on each side (32 x 2 detectors),

2 / .
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Table 1. Specifications of the easyPET.3D system [23].

Specifications
Weight 20 kg
Total system size 35 x 36 x 38 cm’
Transverse FOV 10-48 mm
Axial FOV 73 mm
Coincidence time window 15-40ns
Used frame duration 100s

0.81 mm? (FOV center)
0.23% (A-FOV centered)
11.54+2.4% @511 keV

Spatial resolution
Sensitivity
Energy resolution

resulting in a total of 128 detectors positioned face-to-
face during the acquisition. On each matrix, crystals
are aligned and separated by a reflective paint (BaSO,)
with roughly 280 pum of material, to avoid optical
cross-talk. For light detection, the state-of-the-art
Silicon Photomultipliers (SiPMs) from Hamamatsu®
S13365-1350PE were used, featuringa 1.3 x 1.3 mm”
photosensitive area and 50 pum of pixel width. To
facilitate a one-to-one coupling between the SiPMs
and the crystals, an optical grease was used.

The unique acquisition method and geometrical
position of the detectors in the easyPET.3D system,
always face-to-face, allowing to reduce significantly
the parallax effect [25].

One of the major advantages of this system is its
portability (only weighing about 20 kg), which facil-
itates the installation in different medical and research
environments, like proton therapy centers. In addi-
tion, the system achieves a spatial resolution of less
than 1 mm, according to NEMA standards [23],
enabled by the fine and precise scanning movements,
and high density of scanned lines-of-response, allow-
ing high-quality images produced by a custom-made
image reconstruction framework, GPU accelerated
[26]. These main specifications are represented in
table 1, as well as information about the energy reso-
lution and sensitivity of the system. Further details on
the system’s characteristics can be found in [23].

3. GATE simulations

GATE" (a Geant4-based code) enables the modeling of
various aspects of emission tomography and radiation
therapy, including geometry, physics involved in the
interaction of radiation with matter, movements,
radiation detection, data output, etc. Users can inter-
actively assemble these components according to their
requirements using a programming language and write
a macro file [27, 28]. In this study, GATE version 9.2,
using Geant4 version 11.0.3, was used.

GATE was used to simulate the irradiation of
phantoms as well as the acquisition of PET images.

3 , .
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Designing and optimizing new PET scanner
systems for proton range monitoring presents
specific challenges. This process involves simulating
proton beam delivery to the phantom, producing
(" -emitting isotopes, and simulating 511 keV gamma
transport to the PET detectors to record coincidence
events for subsequent PET image reconstruction [29].
These processes are associated with uncertainties,
mainly regarding the nuclear model used. However,
according to [29, 30] the validation of Monte Carlo
simulations was subject of extensive research and as so
with the correct tunning of the physics these uncer-
tainties are not expected to compromise the validity of
the results.

Performing all these tasks in a single-stage Monte
Carlo (MC) simulation is not ideal, as it requires time-
consuming tracking of many particles and their
interactions.

To simplify the process and manage simulation
capacity, the simulation was divided into two stages.
The first stage reproduces the irradiation of a phan-
tom by a proton pencil beam. The second stage
involves acquiring a PET image of this irradiation
(figure 1).

The block diagram in figure 1 illustrates the struc-
ture of the simulation. In Stage 1, part (a) shows the
inputs for the proton beam irradiation of a phantom,
including the simulation scheme. Part (b) shows the
output of this stage—a 3D image of the distribution of
(" -emitting isotopes generated. Stage 2 (PET image
acquisition), part (c) uses the 3D image obtained from
Stage 1 as an input. This results in part (d), a raw file
containing all the singles registered by the easyPET
detectors. Then, the file is filtered in part (e) and
reconstructed in part (f) to obtain the final PET image
of the phantom irradiation.

3.1. First simulation stage setup - proton beam
irradiation
A visual description of the phantoms irradiation by
proton beams with different energies are shown in
figure 1(a). It can be seen that the beam propagates
along the z-axis and the beam profile was assumed to
be a Gaussian distribution with standard deviations
oy and oy of 3 mm in the isocenter position [31]. The
intrinsic beam divergence simulated was o = 3 mrad,
negligible compared to the effect of multiple Cou-
lomb scattering [32].

In terms of beam energy, monoenergetic beams of
80, 100, 120, 140, and 160 MeV were simulated for the
homogeneous phantom, whereas the heterogeneous
phantom was irradiated with a 95 MeV beam. These
beams generated a Gaussian energy spectrum, and the
standard deviation from the target proton energy was
defined as 1 %. A total of 3 x 10° proton primaries
were generated, and the total time of irradiation was
1 s, to minimize the simulation time while ensuring
sufficient statistical information.
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Figure 1. Block diagram of the GATE simulations performed. The first stage (on the left) includes (a) proton irradiation of the
phantom and the corresponding (b) 3D map output (ground truth). The second stage (on the right) uses (c) the 3D maps obtained in
the first stage as a source for the PET image acquisition simulation. (d) Raw data obtained from the second stage simulation is then (e)
filtered and organized to be reconstructed by the reconstruction algorithm, resulting in the final PET image of the phantom

irradiation by a proton beam (f).

The physics list employed in the first simulation
stage was QSP_BIC_HP_EMY, which incorporates
the Binary Cascade (QGSP_BIC) for modeling hadro-
nic interactions, a high precision library of neutron
interactions (HP) below 20 MeV and the electro-
magnetic physics component in option 3 (EMY) [29].

The main goal of this stage is to obtain production
maps of 5" -emitting radioisotopes, which will later
be considered the ground truth images. Here, the Pro-
ductionAndStoppingActor was attached to the phan-
tom to store the distribution of the (' -emitters
isotopes to be used in further simulation steps. The
radioisotopes stored were the ones with the longest
half-life and largest contribution to 3" emission ima-
ges, ¢ and 0 [21]. These 3D maps were stored in
Metalmage files with a simplified header containing
basic information about the matrix size, voxel size,
and number of voxels. Posteriorly, these maps
(ground truth) were used as source for PET imaging
acquisition simulation.

3.2. Second stage simulation setup - easyPET.3D
image acquisition

During the second simulation stage, the PET image of
the (3" -emitters activated in the phantom during

beam irradiation was generated to be compared with
the ground truth image (3D 3" -emitters maps stored
and obtained in the 1st simulation stage). Figure 1(c)
shows a summary schematic of the model developed
in this stage, including the phantom position and the
two different rotation movements of the PET system.

3.2.1. Geometry and detectors movement

The geometry system was modeled as described in
section 2. It consists of two blocks of detectors (a total
of 128 detectors), separated by 6 cm, each block
containing the LYSO crystals.

Two macro files were created to describe the
detector’s movements. These files contain the posi-
tions and rotation angles of the detector’s modules at
each instant, necessary to simulate the movements of
the axial and fan motors. Figure 2 demonstrates the
two types of movements (axial and fan) performed by
the easyPET.3D system. For each position of the axial
motor, the fan motor executes a fan movement (sev-
eral positions with an angular step of about 0.9°)
to cover all the FOV. These motor positions vary
with five parameters: total number of turns, acquisi-
tion time per position, fan step angle, fan aperture,
and axial step angle. For the study presented here,

4
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Fan Motor Movement

Axial Motor Movement

<

BE
HHE

Figure 2. Representation of the detector’s movement around the PMMA phantom simulated in GATE. The PMMA phantom is
depicted in the figure as a white square in the center. In the first row (A), the axial motor is in a fixed position, while in the second row
(B), the axial motor changes position. Along both rows, it is shown the fan motor movement (fan movement).

the parameters used are represented in table 2.
With these parameters, the resultant FOV is 33.5 x
33.5 x 72.68 mm’ and the acquisition time is around
300s.

3.2.2. Physics list

The simulations at this stage were performed using
emstandard_optI list of physics processes. To comple-
ment the physics list, Decay and RadioactiveDecay
processes were included.

3.2.3. Source

A voxelized source was used to define the simulation
source. In this way, it was possible to use the 3D maps
obtained from the previous stage of the simulations
(Metalmage of the isotopes distribution maps) and
convert it into a true isotope activity value. For this,
the radioisotope half-life time ''C and 'O were
considered.

3.2.4. Data output

The interactions of particles with the system detectors
(singles) were recorded in .root files. The events were
organized and filtered to obtain the coincidence
events to be used by the dedicated reconstruction
algorithm [26], to obtain the final PET image. The
algorithm used was Maximum Likelihood Expecta-
tion Maximization (MLEM) with 30 iterations and a
voxel size 0f 0.5x 0.5 x 0.568 mm?> [26]. The number
of iterations was chosen in order to provide a balance
between image quality and noise, as detailed in [26].

Table 2. Parameters used to define the positions of
the motors for the simulation of the PET image.

Parameters Value
Total number of frames 3
Acquisition time per position 0.005s
Total acquisition time 300s
Fan step angle 0.9°
Fan aperture 90°
Axial step angle 1.8°

3.3. Phantoms

Two different phantoms were used in this study: one
homogeneous (figure 3(A)) and other heterogeneous,
composed by two distinct materials (figure 3(B)).

The material used for the homogeneous phantom
was PMMA (from GATEMaterials.db) with a density of
1.195 g cm . Table 3 provides detailed information on
the density and chemical composition of the materials
used in this study. The homogeneous phantom model is
shown in figure 3(A), with a fixed lateral size of
3.6 x 3.6 cm’. The longitudinal size of the phantom var-
ied according to the beam energy, ranging from 8.0 cm
for the lowest energy to 18 cm for the highest energy.
Higher energies require larger phantoms to fully stop the
beam, and for each energy the phantom was dimen-
sioned so that the distal region containing the Bragg
peak was located within the final 7.3 cm of the phantom
and entirely inside the scanner’s axial FOV.

The heterogeneous phantom consists of four
PMMA slices and three slices of muscle-equivalent
tissue (as detailed in table 3), arranged alternately
along the beam direction, with dimensions of
3.6 3.6x 7.3cm’.
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Figure 3. (A) Homogeneous PMMA phantom and (B) Heterogeneous phantom, where the blue slices represent PMMA and the red

slices represent Muscle-equivalent tissue.

Table 3. Density and chemical composition (fraction) of the materials used for

the phantoms.

Material p(g cm ™) H (%) C (%) O (%) Others (%)
PMMA 1.19 8.05 59.99 31.96 —
Muscle 1.05 10.20 14.30 71.00 4.5

4. Results and discussion

The results section is divided into three subsections.
The first section details the results from the 1st stage of
the simulation, which involves proton beam irradia-
tion. In this section, the ground truth images corresp-
onding to the 3" activity maps as well as the dose
distribution maps are displayed. The 2nd section
presents the results from the subsequent simulation
stage, focusing on the PET image acquisition. The 3D
images obtained for various energies are shown,
analyzed, and compared with the ground truth
images. Finally, the relationship between the dose
distribution maps and the PET images is extrapolated
and discussed.

4.1. Proton beam irradiation

Figures 4(A) and (B) present the depth dose profile and
the corresponding (3" -emitting production map for
monoenergetic proton beams in a PMMA phantom.
The dose and 3" activity-induced maps depict five
different energy values ranging from 80 to 160 MeV. In
all these maps, the horizontal axis represents the
penetration depth of the beam (in mm), while the
vertical axis shows the lateral dispersion of the beam (in
mm). The color in the dose maps (figure 4(A)) repre-
sents the absorbed dose per voxel (in Gy), and in the 3"
activity maps (figure 4(B)), it indicates the number of
(3" emitter isotopes produced per voxel.

Posteriorly, the 3" -emitting production maps
were used in the second stage as the data source, mak-
ing these images (figure 4(B)) the ground truth for
further analysis.

In both the dose and (3" -emitting production
maps, greater dispersion of the particles is visible

along the vertical axis for higher energies, as well as an
increase of the particle’s path length along the hor-
izontal axis. These effects are illustrated in figure 4,
which also includes the 1D line profiles of the dose (C)
and the 3" activity distribution (D) for the different
energy values, showing the influence of the incident
protons energy when interacting with the phantom.

As the beam energy increases, the dose distribu-
tion changes, leading to a lower and broader Bragg
peak, along with a shift of all curves, indicating deeper
proton beam penetration into the material.

In terms of the 3" activity line profile shape
(figure 4(D)), a sharp decline in positron concentra-
tion near the Bragg Peak is observed, which is con-
sistent with the theoretical model, as nuclear reactions
are more likely to occur at higher proton energies.
This is primarily influenced by the energy thresholds
of 16.6 MeV and 20.3 MeV for the most relevant frag-
mentation reactions, leading to the production of '°O
and ''C, respectively [33]. As a result, most of the
B -activity stops before the Bragg peak. However,
some ''Cand 'O nuclei are still produced by second-
ary particles, such as protons and neutrons, causing a
small but visible contribution in the declining slope
part of the 3" -emitting production map [34].

The 3" -emitting production map shape near the
Bragg Peak could differ across various materials,
based on the proton residual range at energies below
the reaction thresholds and the O/C ratio in the mat-
erial composition [33]. Knowing the material compo-
sition allow us to infer a systematic relationship
between the position of the Bragg peak and the peak of
the 3" -emitting production map. This distance is pri-
marily determined by the proton rest range as they fall

6
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Figure 4. Depth dose profile (A) and 57 activity distribution maps (central voxel) (B) of homogeneous PMMA phantom when
irradiated with proton beams with an energy of 100 and 160 MeV. Respective 1D dose distribution profile (C) and 1D 3" activity
profile (D) along the irradiation direction. Depth dose profile (E) and 3" activity distribution maps (F) of heterogeneous phantom

when irradiated with a 95 MeV proton beam.

below the energy thresholds for fragmentation reac-
tion [34].

Regarding the heterogeneous phantom, the depth
dose profile and the 3" activity distribution map for
95 MeV beam irradiation are shown in figures 4(E)
and (F), respectively. The 3" activity distribution map
clearly reveals the slices of the heterogeneous phan-
tom, as the two constituent materials differ in both
density and composition.

4.2. EasyPET.3D image acquisition

4.2.1. Homogeneous phantom

Using the 3" -emitting production map obtained in
the 1st simulation stage, along with the modeling of

the easyPET.3D system, and subsequent filtering and
reconstruction, we obtained PET images of the
phantom irradiation. Figure 5 illustrates multiple
images of the homogeneous phantom (for different
beam energies) with several transverse planes (XY)
along the axial view (YZ), obtained. These images
were generated using the dedicated easyPET recon-
struction algorithm, in which, for higher beam energy
cases, a greater dispersion is evident, as also seen in the
ground truth images. This increased dispersion results
from a smaller difference between the peak and the
baseline in the maps, leading to image deterioration.
Before direct comparison with the PET images,
the decay formula was applied to the ground truth to
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Figure 5. PET images of the homogeneous phantom irradiation, in the transverse and axial planes, for 100 and 160 MeV beams. The

images were normalized by the sum of all pixel intensities.

determine the maps with the number of 3" particles
that could effectively be produced during the PET
acquisition time (300 s). Then, comparing these PET
images with the ground truth maps confirms that the
PET images closely match with the ground truth dis-
tribution (figures 6(A) and (B)). Figures 6(A) and (B)
shows the relative deviation between the projections
in the xand =z direction, respectively, of the
" -emitting production map and the PET image.
These maps reveal only minor differences between the
ground truth and PET image projections, as evi-
denced by the predominance of dark blue regions in
the relative deviation maps for both the axial and
transverse planes. The specific case illustrated in
figure 6 (120 MeV), the median deviation values are
3.6 % in the axial plane and 7.0 % in the transverse
plane.

Since the easyPET.3D system successfully pro-
duced a 3D PET image of the beam irradiation, a more
detailed analysis was conducted in 3D. The relative
deviation was calculated voxel by voxel between the
3D ground truth and the 3D PET image. Figure 7 pre-
sents the 3D distribution of relative deviation values
across the various simulated energies. The highest
median deviation value, recorded as 14.5 %, occurs
with an incident beam energy of 120 MeV (case repre-
sented in figure 6). For the other energies, this value
varies between 5.2 % and 12.7 %, with smaller values
observed at higher energies, confirming the capability
of easyPET.3D to image the irradiation of the
phantom.

In figure 6(C), itis evident that the shape of the 1D
profiles of the PET image closely matches the 1D 3*
activity profile (ground truth profile). Furthermore,
the figure confirms that when the proton energy
drops below the fragmentation reaction energy
thresholds, the production of 3*-emitting nuclides
diminishes. This demonstrates that the easyPET.3D

system has the potential to extract information about
the proton’s path through the phantom.

4.2.2. Heterogeneous phantom

Figure 8(A) shows the activity profiles along the z-axis
of the heterogeneous phantom, with all images
normalized to the sum for comparison. It is evident
that, unlike the uniform profiles seen in homogeneous
phantoms, the heterogeneous phantom displays dis-
tinct regimes in activity. This indicates that the
easyPET.3D system can clearly differentiate between
regions made of different materials.

The reduced activity in the muscle slices com-
pared to the PMMA slices is primarily attributed to
the lower carbon content in the muscle material (as
detailed in table 3) and the specific time window selec-
ted for measurement (300 s). Due to the shorter half-
life of '°0, most of the oxygen activity decays quickly,
making the longer-lived ''C the dominant con-
tributor during this period. Figure 8(B) shows the 1D
projection of the 3" activity profile and the PET pro-
file for the irradiation of the heterogeneous phantom.
In this figure, the slices corresponding to the two dif-
ferent materials are clearly visible. Three activity defi-
cits, each approximately 10 mm wide, can be observed
ataround 10 mm, 30 mm, and 50 mm from the phan-
tom’s entrance, corresponding to the actual positions
of the muscle slices. This comparison highlights that
in the heterogeneous phantom, the regions corresp-
onding to the PMMA slices align closely with the 1D
projection curve of the homogeneous phantom.
Additionally, the maximum intensity of the homo-
geneous (3" activity profile appears earlier than that of
the heterogeneous curve. This delay occurs because
the muscle slices, having a lower density, require more
material to fully stop the beam in the heterogeneous
phantom.
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Figure 6. (A) Relative deviation between the ground truth map of the homogeneous phantom generated and the PET image
obtained, in the axial plane (YZ). (B) Transverse view (XY) of the 3" -emitting map distribution near the maximum intensity and the
PET image in the same position. The relative deviation between the ground truth map generated and the PET image in the transverse
plane is also shown here. (C) Comparison of the 1D projection of the 3" activity profile and the PET profile in the axial plane.

4.3. Correlation between dose maps and PET
images
To extract some correlation between the dose maps
and the PET images, Gaussian and sigmoid curves
were adjusted to the 1D dose profile and the 1D PET
profile. The peak values and the 50% peak fall-off
values were extracted from these fitted curves. Table 4
lists the distance between the Bragg peak position and
the maximum intensity of the PET image position and
the distance between the Bragg Peak position and the
50% distal fall-off position of the PET profile for
different values of beam energy. The errors presented
in table 4 were calculated using the covariance matrix
obtained from the Gaussian and sigmoid fits, with
error propagation applied during the subtraction of
the two positions.

Analysis of table 4 reveals that the distance
between the Bragg peak and the PET peak remains
consistent across different beam energies. However,

the distance between the Bragg peak and the 50% fall-
off of the PET profile decreases as the beam energy
increases. This trend is illustrated in figure 9, which
includes the different relation points from the 3+
activity distribution curve and the dose distribution
curve under analysis. The trend of the obtained values
is consistent with previously reported findings in the
literature [33, 34].

As the proton energy increases, the distance
between the Bragg peak and the PET peak remains
nearly constant. This is evident in figure 9(A) and
confirmed by the linear fit, which shows a slope of
0.0025 mm MeV ', closely matching the slope of the
ground truth linear fit (0.0020 mm MeV ™ "). This
occurs because the 31 depth profile and the location
of the Bragg peak are primarily determined by the
remaining range of the protons when they fall below
the nuclear reaction energy threshold [33, 34], an
effect verified in the PET images. In contrast, at higher
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proton energies, the 50% peak falloff in the PET pro-
file occurs closer to the Bragg peak, as shown by the
negative slope of the points in figure 9(B), which is
consistent with results reported by [33]. It is crucial to
consider these effects when attempting to establish a
correlation between dose deposition and PET images
for dose distribution verification. According to the
data collected and presented in this paper, the

easyPET.3D system shows great promise in predicting
the dose peak.

As this study focused on homogeneous and simple
heterogeneous phantoms, future research will explore
more complex heterogeneous phantoms and addi-
tional beam configurations, such as the use of spread-
out Bragg peaks. Moreover, future efforts will focus
on studying the system in situ at a proton therapy

10



Biomed. Phys. Eng. Express 11 (2025) 065037

A CM Magalhaes et al

BP -PP BP - 50% PP fall-off
A B —
( ) 1.0 9 e Ground truth (8*) ( ) 1.0 e Ground truth (8+)
— DOSE — DOSE
_ o084~ EasyPET _giad == EasyPET
5 AN LE S o e b=
s 2 4
3 06 306 s
s 3 g
3 3 ~
£044 2 0.4+ 5
£ £ =
o =) o
< 0.2 %02 =
N
0.0 A 0.0
6 1‘0 2‘0 3‘0 4‘0 5‘0 6‘0 7’0 = 6 1‘0 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0
Distance (mm) é Distance (mm)
13.5 —10
= BP-PP “5 +  BP-50% PP fall-off
~13.0 « BP-GT | &7 9 - BP-50% GT fall-off
= ho
=125 o 8
2 <
212.0 y =(0.0025 £ 0.0016) x + (11.36 + 0.20) é 7 . .
S el  mmmmmmo—mz ;——-:::::::::::::::::t::t_t::::: ° 5
$11.5)  ass===EE=EEEE . S 6 .
2 y = (0.0020 % 0.0016) x + (11.34 % 0.20) -
0 11.0 g5 .
[V}
o [ =
©10.5 g 4 .
]
o E
B10.0 S 3
(V)
1)
9.5 5 2
80 100 120 140 160 i 80 100 120 140 160
Energy (MeV) a Energy (MeV)

Figure 9. Graphic representation of the (A) distance between the Bragg peak and the maximum intensity of both the PET (PP) image
and the ground-truth (GT), and (B) the distance of the Bragg peak and the 50 % peak fall-off of the PET profile (50 % PP fall-off) and

50 % peak fall-off of the ground truth profile (50 % GT fall-off).

Table 4. Distance between the Bragg peak (BP) and the maximum
intensity of PET profile (PP), and distance between the Bragg
peak (BP) and the 50% peak falloff in PET (50% PP falloff)
profile.

Energy (MeV) BP - PP (mm) BP-50% PP falloff (mm)
80 11.50 £ 0.04 6.75 + 0.04
100 11.75 £ 0.05 6.49 £ 0.04
120 11.63 £ 0.08 5.99 + 0.06
140 11.65 £ 0.10 4.99 + 0.05
160 11.80 £ 0.10 3.80 £ 0.05

center to validate the simulation results and on devel-
oping tools to enhance its efficacy in quality assurance
for proton therapy.

5. Conclusion

The feasibility of using the easyPET.3D system for
monitoring proton therapy was evaluated, using the
Monte Carlo simulations. This study modeled the
irradiation of homogeneous and heterogeneous
phantoms and the scanning of the dedicated PET
system. Images were generated demonstrating a cap-
able imaging performance, with an average deviation
0f 10 % from the ground truth images.

In terms of count rate performance, our study indi-
cates that the activity signal generated by the beam

parameters conventionally used in proton therapy cen-
ters is enough to be detected by the easyPET.3D system.

The present study demonstrates that the differ-
ence between the position of the maximum intensity
in the easyPET.3D image and the Bragg peak position,
remains consistent as the proton beam energy increa-
ses, as indicated by the linear fit with a slope close to
zero. The distance between these two maxima
remains constant as the proton beam energy increa-
ses. However, the 50% distal fall-off position of the
easyPET.3D curve moves closer to the Bragg peak
position at higher proton beam energies. These results
confirm that the images produced by the easyPET.3D
system are consistent with effects described in the lit-
erature. This finding suggests that, in the long term,
the easyPET.3D system could contribute to enhan-
cing quality assurance in proton therapy.

Additionally, the easyPET.3D system successfully
distinguished between the two materials in the hetero-
geneous phantom, reinforcing its potential for assessing
proton beam quality using more complex phantoms.

Furthermore, the system compactness is beneficial
for an easier installation in proton therapy centers and
enabling an in-room installation. This could be a great
option to accelerate the image acquisition process imme-
diately after phantom irradiation and consequently, pro-
ton beam quality control used in the proton therapy
center. Additionally, the easyPET.3D configuration
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features a significantly smaller footprint, with a notice-
ably smaller size, lower weight, and reduced cost com-
pared to other existing PET systems.

Beyond its application in quality assurance, it is
worth noting that the easyPET.3D system was origin-
ally developed for small-animal imaging. This opens
the possibility of extending the technology toward pre-
clinical in vivo applications in the longer term. Such
developments could broaden the impact of the system
by enabling both quality assurance in proton therapy
and preclinical research in molecular imaging.
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