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The SiFi-CC group is developing a scintillating-fiber-based Compton
camera for high-efficiency gamma-ray imaging, specifically tailored for on-
line range verification in particle therapy. After thorough optimization
studies, including the development of neural-network approaches for event
selection, the capability of the prototype for detecting range deviations is
being studied by using realistic Monte Carlo simulations. We have im-
plemented a spectral-spatial reconstruction based on the LM-MLEM algo-
rithm and spectral analytical models for the system matrix and the sensi-
tivity. In this work, we show the reconstructed images obtained from the
irradiation of PMMA phantoms with 4 x 10° protons at therapeutic ener-
gies. The results show the capability of the SiFi-CC detector prototype to
recover the 4.44 MeV prompt-gamma line and to detect 5 mm Bragg peak
shifts.

DOI:10.5506/ APhysPolBSupp.17.7-A9

1. Introduction

Particle therapy is a cancer treatment technique based on patient irradi-
ation with ion beams which is under constant expansion, with 136 facilities
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currently in clinical operation and 69 more under construction or in a plan-
ning stage [1]. In contrast to conventional radiotherapy, conducted with
photon beams, the charged particles used in particle therapy stop in the tu-
mor region depositing there most of the imparted dose, in what is known as
the Bragg-peak phenomenon. By exploiting the Bragg peak, particle ther-
apy can reduce the dose to healthy tissue without changing the prescribed
tumor dose; in addition, particle therapy offers room for optimization of
the conformity of the delivered dose distribution to the tumor region. In
spite of these potential advantages, the conformal nature of the Bragg peak
implies a higher sensitivity of the delivered dose distribution to unexpected
perturbations, which are triggered as a consequence of the uncertainty as-
sociated with the CT-to-stopping-power ratio calibration (3-3.5 % of the
particle range [2, 3]), and also by other factors such as anatomical changes
or by the beam delivery system. Consequently, many research groups study
the feasibility of an online range verification method for particle therapy,
able to detect unexpected variations of the delivered dose (intra- or inter-
fractions). Most of the proposed range verification methods are based on
the detection of secondary by-products originated after the passage of the
beam particles in the patient, such as thermoacoustic emissions [4], neu-
trons [5], electrons [6], annihilation photons suitable for PET detection [7],
and Prompt Gammas (PG). The latter are gamma-rays that arise as a conse-
quence of the beam particle nuclear inelastic interactions within the patient,
and whose spatial emission distribution is correlated with the depth-dose
profile. Among the different detection candidates under investigation [§],
Compton cameras (CC) represent a compact solution that does not require
physical collimation and which is attracting attention in several areas of
medical physics [9-11]. Such a device is being developed in the SiFi-CC
project together with a coded mask prototype [12], both with the purpose
to serve as a tool for online range verification in particle therapy.

2. Materials and methods

2.1. The SiFi-CC prototype: simulations and data processing

The SiFi-CC setup under development consists of two modules composed
by LYSO fibers of 100 x 1 x 1 mm? each and read out by Silicon Photomulti-
pliers (SiPMs) in both ends of the fiber elongated direction (the X-dimension
in this work). The fibers are stacked in XY-layers comprising 76 fibers with
1.3 mm pitch. The first CC module (or scatterer) features 16 such layers
and measures 100 x 98.5 x 20.5 mm?; the second CC module (or absorber)
features 36 layers and measures 100 x 98.5 x 46.5 mm?>. In the modules, each
alternate X'Y-layer is shifted by 0.65 mm in order to reduce the effect of the
fiber pitch. Further details of the CC geometry can be found in [13, 14].
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The described CC was modeled in the Geant4 simulation toolkit (ver-
sion 10.4.p03) together with a cylindrical PMMA phantom (radius 100 mm)
located 150 mm away in the Z-dimension from the first module; the dis-
tance between the modules was set to 120 mm (both center-to-center).
The PMMA was irradiated with a 130 MeV proton beam impinging in the
Y-dimension. The beam was modeled following the features found in the
Cyclotron Centre Bronowice cyclotron-based treatment facility, including a
bunched time structure with the extraction time of 0.8 ns (100 protons per
bunch) and cycle time of 9.9 ns, as well as an elliptical, Gaussian shape
(ox =2.97 mm, oz = 2.72 mm) and Gaussian smearing of the beam energy
(cg = 0.2 MeV). More details can be found in |14, 15]. A scheme of the
described setup can be seen in figure 1 (left).
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Fig. 1. Left: simulated setup. Right: Y E-slice at (X = 0 mm,Z = 0 mm) after
summation over the three closest X-neighbors and the closest Z-neighbor in both
directions, with all the data (top) and GNN-selected data (bottom), at position A.

Two additional simulations with different phantom lengths were per-
formed in such a way that the Bragg peak of the depth-dose distribution
was shifted 5 and 10 mm from the original position. In all three positions
(henceforth referred to as A, B, and C), 4 x 10 protons were used.

The simulations were carried out in a multi-stage framework that in-
cluded the proton transport in the phantom, the PG production and in-
teraction in the CC modules and the transport of optical photons in the
scintillating fibers. As detailed in [14], the SiPM information resulting from
the aforementioned framework is fed into a low-level reconstruction in order
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to obtain CC coincidence events, thus providing the input for the image
reconstruction algorithm. In addition, images were also obtained upon ap-
plication of an event selection strategy based on Graph Neural Networks
(GNN) [16] as a previous step to image reconstruction.

2.2. Image reconstruction

Image reconstruction was performed by means of the List Mode Maxi-
mum Likelihood Expectation Maximization algorithm (LM-MLEM). Given
the polychromatic nature of the PG emission and the subsequent uncertainty
over the incoming gamma-ray energy, a four-dimensional image space was
assumed, so that the algorithm is capable of jointly recovering the spectral-
spatial PG emission distribution. To this end, the analytical models for the
system matrix and the sensitivity proposed in [17| were applied. The spatial
part of the image space was discretized into 41 x90 x 7 voxels with dimensions
3x2x3 mm3, whereas the spectral part was restricted to [0.8,8.0] MeV (i.e.
the range where the most important PG lines are expected) and discretized
into 15 bins. Images were obtained after 20 iterations of the algorithm and
upon application of a median filter after the final iteration.

3. Results and discussion

Figure 1 (right) shows two-dimensional spectral-spatial slices extracted
from the obtained images with the position A dataset. The slices show sev-
eral interesting features. First, a high-intensity spot is recovered in the spec-
tral bin containing 4.44 MeV, which is expected as this energy corresponds
to an important PG line coming from the deexcitation of >C, and which is
known to be well-correlated to the Bragg peak [18|. Another high-intensity
region is recovered around 2 MeV. Despite the presence of PG lines at 2.00
and 2.12 MeV, this region of the four-dimensional images is contaminated
by the presence of 2.22 MeV neutron capture gamma rays, not correlated
to the Bragg peak. Secondly, each spectral bin features a different intensity
distribution, a result which is consistent with the well-known variation in
the correlation of the different PG lines with the depth-dose profile. Fi-
nally, the application of the event selection strategy results in a qualitative
improvement of the obtained images, whereby edge artifacts are eliminated
from the slices and more intensity is recovered in the 4.44 MeV spectral bin.

Figure 2 (left) shows, for each simulated position, the XY-slices ex-
tracted at the 4.44 MeV spectral bin; furthermore, figure 2 (right) shows the
Y -profiles obtained from these slices. Again, the event selection strategy is
shown to improve the quality of the images, but in all cases, a displacement
of the PG spatial emission distribution can be appreciated. Quantitative
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Fig. 2. Left: XY-slices at (Z = 0 mm, F = 4.44 MeV) after summation over the
closest Z-neighbor in both directions. The white dashed lines indicate the maxi-
mum of position B. Right: Y-profiles at X = 0 mm extracted from the previously
presented XY -slices, after summation over the three closest X-neighbors. Top

row figures were obtained with all the data; bottom figures were obtained with
GNN-selected data.

results are provided in Table 1, in which the Y-values corresponding to 80%
and 50% of the intensity after the maximum (R80 and R50, respectively,
cf. [19, 20]) are obtained by using linear interpolation. These results show
that the application of the event selection strategy improves the compat-
ibility of the obtained R80 and R50 displacements with the ground truth
simulated shifts (i.e. 5 mm). The results allow for asserting the capability
of SiFi-CC to reliably detect 5 mm depth-dose shifts with events detected
after irradiation with 4 x 10° protons, higher than the clinically expected
scenario. Consequently, further studies on lower statistics, including their
impact on the range shift uncertainty, are needed. In addition, the capa-
bility of SiFi-CC to detect smaller range shifts (ideally below 1-2 mm [21])
remains to be tested. In spite of these requirements, the potential of the
spectral-spatial imaging algorithm as a tool for range verification with CCs
is endorsed, in agreement with [20].
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Table 1. Y-shifts obtained from pairs of simulated positions with all the data and
with GNN-selected data. Shift error values were derived from the propagation of
the R80 and R50 position differences, taking only into account the voxel size as a
source of uncertainty.

Positions Data AR80 4+ 1.4 mm AR50 4+ 1.4 mm

A-B All 6.8 6.6
A-B GNN 5.2 4.5
B-C All 2.8 2.1
B-C GNN 4.1 3.9

4. Conclusions

A four-dimensional image reconstruction algorithm has been successfully
applied to data obtained from detailed simulations of the detection of prompt
gammas with the SiFi-CC prototype, after irradiatation of a PMMA phan-
tom with 4 x 10° protons modeled as a beam with clinical features. The
results show the capability of the algorithm to obtain spatial-spectral im-
ages consistent with the expected PG distribution and allow for recovering
displacements consistent with the 5 mm simulated values; in addition, the
obtained images and displacements are shown to improve after the applica-
tion of an event selection strategy based on Graph Neural Networks.

This work was partly funded by the German Research Foundation (Grant
COMMA, No. 383681334); by the HLRN, project No. shp00028; and by the
National Science Centre (NCN), Poland (grant No. 2017/26/E/ST2/00618).
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