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Abstract— The SIG (Superconducting lon Gantry) project aims
to develop a reliable range verification system (RVS) to be
integrated into a multi-ion gantry. This project involves studying,
designing, and testing the basic elements of an in-vivo RVS for the
SIG ion gantry. Based on its performance, the goal is to design a
full system that meets clinical requirements. Therefore, in this
study, we present the performance evaluation of a small in-beam
Positron Emission Tomography (PET) prototype for carbon ion
irradiations. The experimental setup consists of 6 PET modules
arranged in hexagonal geometry (3*3 partial ring configuration),
with a radius of 98 mm. Each detector block features 16x16 pixels,
3.2 mm pitch of segmented Lutetium Fine Silicate (LFS)
scintillator crystals, coupled one-to-one to Silicon Photomultiplier
matrices.

Homogeneous phantoms were irradiated with two monoenergetic
beams at different energies at CNAO (lItalian National Center of
Oncological Hadron Therapy). Data were acquired both during
the irradiation (in-beam) and after the treatment, but, for this
study, images are reconstructed from the irradiation in the pauses
between spills (inter-spill).

The performance analysis was focused on evaluating the stability
of range difference estimation considering different subsets of
coincidence events along the beam irradiation.

Index Terms—image reconstruction, range verification system,
positron emission tomography, particle therapy.

I INTRODUCTION

article therapy, a highly promising cancer treatment,

utilizes external beams of charged particles like protons and
heavier ions. Its key advantage relies on the unique energy
deposition pattern of charged particles within tissues. This
pattern features a sharp peak, known as the Bragg Peak (BP),
where most of the energy is released. This peak is located near
the particle stopping and therefore, particle therapy is prone to
range uncertainties or tissue density modifications (1).
Unpredictable range deviations may arise from anatomical
changes that alter local tissue density compared to the planning
CT scan (2). To address this, several techniques, including
Positron Emission Tomography (PET) based systems,
secondary charged particle tracking, and prompt photon
monitoring, have been explored clinically (1,3,4).

The PET-based devices rely on detecting positron-emitting (B+)
radioactive isotopes- produced by the target tissue such as 0,

This work did not involve human subjects or animals in its research

¢, 1°C, and N which are produced during irradiation in
human tissue. These low-energy positrons annihilate within
tissues, generating characteristic 511 keV gamma-ray pairs that
can be captured by PET scanners to monitor treatment progress.
There are three primary methods for PET-based radiation
therapy monitoring: in-beam, in-room, and off-line. In detail,
in-beam modality involves measurement during irradiations
using a PET scanner integrated in the treatment room, in-room
technique utilizes a nearby PET scanner for immediate post-
treatment assessment and offline method employs a standard
PET/CT scanner located outside the treatment room (3).
In-beam PET systems exploit online data acquisition, where
crucial information is collected directly during the irradiation
and therefore it is possible to optimize the treatment as soon as
possible. In-beam PET allows the detection of short-lived
radioactive isotopes that would decay too quickly to be
measured after treatment (]B and "°N, t;,=770 ms and t;»=11
ms, respectively) (1)(4)(5) but an effective radiation
background rejection method is required for fast-decaying-
isotope-based imaging (6).

Furthermore, in-beam data is less affected by factors like
patient movement or the natural biological processes that alter
isotope distribution after treatment (wash-out).

On the other hand, the main challenges in in-beam PET lie in
dealing with high count rates and prompt y-rays during beam
application, which can overwhelm conventional PET detectors
(7). In addition, fully integrating in-beam PET into a therapy
unit and reaching a high angular coverage present significant an
engineering challenge.

Several dedicated in-beam PET systems were developed.
Mainly for proton treatments, in-beam PET systems were
already tested with patients. For example, at the National Center
for Hadron Therapy (CNAO) in Pavia, currently, a dual
imaging modality system (an in-beam dual head PET scanner
and a charged fragment tracker), named INSIDE, is being used.
This system is currently used in an observational clinical trial
to test the clinical feasibility and effectiveness of detecting
inter-fractional morphological changes in head-and-neck
patients treated with both protons and carbon ions (4)(8).

For treatments with ions heavier than beryllium, projectile
fragmentation can create additional positron-emitting
fragments with respect to proton irradiations. These fragments
produce a localized activity signal, located near the end of the
primary particle range, that overlaps with the broader signal
from target fragments all along the primary particle tracks.
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Notably, in the case of carbon ion treatments, positron emitters
from the original ion beam, such as ''C, accumulate closer to
the Bragg peak, enhancing the correlation between activity and
dose for range monitoring (9).

As a consequence, for carbon ion treatments, in-beam PET
systems are a promising solution to detect the activity
enhancement just before the Bragg peak due to projectile
activation, but they are prone to reduced statistics (about 20
times less in comparison to a proton therapy). Hence a
performance study is highly desirable (9).

The goal of this study is to analyze the performance of the
proposed SIG prototype of an in-beam PET range verification
system for carbon ion beams, evaluating the impact of the
number of coincidences to be considered in image
reconstruction on range difference measurements and opening
the possibility to study new approaches to image reconstruction
to highlight the fast isotope contributions.

1. MATERIAL AND METHODS

The experiments were performed at a CNAO synchrotron-
based facility by using the detectors developed by the I3PET
project (INFN project, Young Researcher Grant) (8).

The experimental setup under testing (Fig.1) consists of 6 PET
modules (5). One detector module features four matrices of 8x8
pixels (3.2-mm pitch) of segmented Lutetium Fine Silicate
(LFS) scintillating crystals. Each crystal (3.1x3.1mm? area, 20
mm crystal thickness) is coupled one-to-one to Hamamatsu
multipixel photon counters (MPPCs). All the signals from the
PET detectors are read out by Front-end electronics based on
the TOFPET ASIC2 and processed by 12 Digilent Nexys Video
Evaluation boards hosting Xylinx Artix 7 FPGAs. Data are
transferred to a PC by UDP protocol. The temperature of the FE
boards is stable thanks to a water-cooling system.

Fi.l. Eperimnal setup at CNAO.

Experimental measurements were done with a single pencil
beam configuration with two different energies (10%° carbon
ions at 144 MeV/u (labeled as carbonl) and 213 MeV/u
(carbon2) on homogeneous PMMA phantoms (10x30x12 cm?)
centered at isocenter. The phantom dimension along the z axis
is 12 cm and the transversal dimension among the detector is 10
cm.

Data were acquired both during the irradiation (in-beam, about
100s) and after the treatment (200s). It is important to underline
that the CNAO average beam spill duration is 3s and the
average inter-spill pause lasts for 2s. The theoretical range of
these two energies in PMMA is 3.90 + 0.01 cm and 7.98 £ 0.01
cm, respectively (10). The MLEM (Maximum Likelihood
Expectation Maximization) (11) algorithm was used for image
reconstruction with 9 iterations. The geometrical model was
based on single ray tracing combined with a Gaussian kernel of
0.68 mm sigma. The dimension of the image is 32x32x93 mm?
with a voxel spacing of 1.6 x 1.6x 1.6 mm?. For the PET image
reconstruction, the field of view of 54.4x80x137.6 mm?3 is also
centered in the middle of the system.

For the statistical analysis, the number of considered
coincidences for each energy was 59,400. To statistically study
the system performance, the whole dataset was divided into
several subsets in which different number of coincidence events
was considered to reconstruct the PET images (in particular,
250, 500, 1k, 2k, 3k, 5k, 6k coincidence events). The
reconstructed images in each subset were 2376, 1188, 594, 297,
198, 118, and 99, respectively. For each subset, the images
corresponding to coincidences acquired during the irradiation
in the inter-spill pauses were reconstructed, and a median filter
with a kernel size of 3 mm was applied. The median filter
effectively removes salt-and-pepper noise while maintaining
edge information. An example demonstrating its impact on PET
images is shown in Fig.2. Images were obtained from the
experimental data collected during the first 60 seconds from the
beginning of the monoenergetic beam irradiation with the
higher energy (carbon2). The median filter enhances the
accuracy in determining the particle range by considering the
activity peak related to projectile fragmentation and this filter is
required as image preprocessing step for all the considered
datasets.

Image intensity

_—
z

60 s of

(corresponding to 6k coincidences) in the carbon2 dataset

without the median filter (top) and with the median filter

(bottom).

Fig.2. Image reconstructed after irradiation

After applying the median filter, the profile along the beam axis
was then extracted for all the reconstructed images. The average
intensity along the beam direction (z axis) was calculated
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considering a transversal section of 5x5 voxels (8x8 mm?)
centered on the beam axis.

Fig. 3 shows an example of PET images corresponding to a
subset of 1k coincidences for the two energies and their activity
profiles along the beam axis after irradiation of 6 seconds.
Gaussian fitting was subsequently applied to the activity peak
due to projectile activation. To ensure accurate fitting, the
gaussian mean was constrained within a range of 0.5 cm around
the maximum of the image profile, and the sigma was bounded
between (0-1) cm. The region considered for the fit was resized
to the region within 0.5 cm from the maximum of the image
profile. The average range difference was calculated as the
mean of the computed differences between peak values of the
fit for each couple of images of carbonl and carbon2 along the
irradiation time. The standard deviation (o) of these differences
was computed to assess the statistical variability of the range
estimation.

Carbon 1 Carbon 2

a.u,
|
g

L

0.6

0.4

- L

0 [i — [ H 1
0 2 4 [ 8 10 12 14
z [em]

Fig. 3. Top: example of images corresponding to 1k
coincidences for the two monoenergetic carbon ion beams.
Beams are entering the images from the bottom. Bottom:
corresponding image profiles along the beam axis (labeled as z-
axis). Profiles are normalized using the maximum value of each
profile.

M. ResuLTs AND DISCUSSION

Results considering seven different subsets in which a different
number of coincidence events was considered to reconstruct the
PET image were obtained.

Fig. 4 shows the projectile activation peak position and width
(average and sigma values from Gaussian fits) for the different
subsets for the two monoenergetic irradiations. The average
peak position does not depend on the number of coincidence

events considered in the subsets. For the higher energy
(carbon2), a higher sigma value due to the increased beam
energy straggling with respect to the lower energy (carbonl)
was found. Fig. 5 also shows the peak position with respect to
image number separately for both carbonl and carbon2 and
different subsets for the first 100 images. The range estimations
have no significant shift during the acquisition time and the
fluctuation of the range estimation decreases while increasing
the number of coincidence events considered in the PET images
as expected.
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Fig. 4. Top: average value of peak positions from the Gaussian
fits as a function of the number of coincidences considered in
each subset. The error bars correspond to the standard deviation
of the peak position distributions. Bottom: average value of the
sigma of the Gaussian fits as a function of the number of
coincidences in each subset. The error bars are corresponding
to the standard deviation of the sigma distributions
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Fig. 5. Values of the peak position as a function of the image
number for the first 100 images from the beginning of the
irradiation (top: carbonl acquisition; bottom: carbon2
acquisition).

In Fig. 6, the distribution of peak values of the subsets
corresponding to 250, 500 and 1k coincidences for carbonl and
carbon2 are shown. For the first subset (250 coincidences), the
peak position distributions have a higher spreading with some
values that strongly underestimate or overestimate the ranges
(max-min peak position = 2.1 cm for carbonl; max-min peak
position = 6.9 cm for carbon2). On the other hand, the peak
position distributions corresponding to the other subsets (500
and 1k coincidences) appear approximately symmetrical,
indicating a relatively narrow distribution with most data points
clustered near the mean. In the case of carbon2 irradiation, the
peak position distributions are narrower with respect to the
carbonl acquisition.
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Fig. 6. Peak position distributions corresponding to the subsets
of 250 (top), 500 (middle) and 1k (bottom) coincidence events
in the case of carbonl (left) and carbon2 (right) irradiations.

Besides, experimental values of range difference were obtained
between the two irradiated energies corresponding to each
couple of images (carbonl and carbon2) from the subset lists.
Average range differences remained stable concerning the
subset size (Fig. 7). The error bar was calculated using the
standard deviation of the range differences considering all the
images for a given subset. In agreement with the increasing
robustness of the analysis procedure with the statistics, the
uncertainty corresponding to the estimated average range
difference decreased with the increasing of the number of
coincidence events considering in each PET image. The
obtained results are also summarized in Table 1.

Experimental range differences are fully compatible with the
expected range differences (4.08 + 0.014 cm). Considering 500
coincidences for reconstructing the PET images, an uncertainty
of about 2 mm on the range difference estimation is achieved.
This level of precision corresponds to the difference in range in
water between two consecutive energies for carbon ion beams
used in clinical treatments at the CNAO.
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Fig. 7. Mean of range difference value for different numbers of
coincidences as a function of the number of coincidence events
considered in the subsets. The error bars are calculated
considering the standard deviation of the corresponding
distributions.

TABLE |
AVERAGE RANGE DIFFERENCE VALUE, AVERAGE PEAK VALUE
IN EACH SUBSET OF COINCIDENCES

NUMBER OF Range Peak position | Peak position
COINCIDENCES difference (carbonl) (carbon2)
(cm) (cm) (cm)
250 4.01+0.44 | 4.84+0.13 8.85+0.42
500 4.04 +£0.21 4.85+0.08 8.89+0.19
1k 4.06 +0.14 4.85+0.06 8.91+0.13
2k 4.06 £0.11 4.86+0.04 8.92+0.11
3k 4.07 £0.08 4.86+0.04 8.93+0.08
5k 4.07 £0.07 4.87+0.03 8.93+0.07
6k 4.07 £0.05 4.87+0.03 8.94+0.05

An important observation in this study is presented in Fig. 8
which displays the first reconstructed PET images obtained
with 500 coincidences, corresponding to acquisition times of
1.7 s and 0.8 s for carbonl and carbon2, respectively. The
activity peaks related to the projectile fragmentation are clearly
visible in the PET images and in the profiles allowing an
effective calculation of the range difference estimation.

This finding agrees with recent studies that demonstrated the
feasibility of rapid range verification using short-lived positron
emitters in carbon ion therapy, achieving 1 mm precision with
just 6 seconds of measurement after 0.6-second irradiation (12).
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Fig. 8. Top: Example of images corresponding to the first 500
coincidences after the beginning of the irradiations, for the two
monoenergetic carbon beams. Bottom: corresponding image
profiles along the beam axis.

V. CONCLUSION

In this work, we assessed the performance of an in-beam PET

system for carbon ion irradiation to be developed within the
framework of the SIG project. A small prototype of in-beam PET
was tested at CNAO with irradiations on homogeneous phantoms
with two monoenergetic beams. The performance analysis was
conducted to assess the stability of range difference estimation
over seven subsets of PET images corresponding to different
number of coincidence events between 250 and 6k.
In conclusion, the trend of the range of difference estimations
over time has no significant trend over time changes and the
obtained results are fully compatible with the expected value.
With the increasing of statistics there is a reduction of the
uncertainties corresponding to each range average values and
the range difference estimation. The performance of our PET
prototype appears to be largely independent of the statistics
included in the PET images, except in the case of 250
coincidences. Since considering the first 500 coincidence
events acquired in the first interspill pause (< 2 s), the estimated
range difference agrees with the expected value with an
uncertainty of about 2 mm, opening the possibility of fast pre-
treatment range verification. In addition, the obtained results
will be useful to design and implement a custom image
reconstruction for fast isotope highlighting. Further tests with
irradiations more similar to the clinical treatment will be
performed.
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