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Abstract

We propose a hybrid Compton and positron emission tomography (PET) pro-
totype system aimed at enhancing data utilization efficiency and enabling si-
multaneous imaging of multiple radiopharmaceuticals. The prototype system
comprises two detectors employing LYSO-SiPM (silicon photomultiplier coupled
cerium-doped lutetium yttrium oxyorthosilicate crystals), both existing equip-
ment in our laboratory. One detector consists of a 50 x 50 array of LYSO
crystals with individual crystal dimensions of 0.9 mm x 0.9 mm x 10 mm and
a center-to-center spacing of 1 mm; the other detector consists of a 25 x 25
array of LYSO crystals with individual crystal dimensions of 1.9 mm x 1.9 mm
x 10 mm and a center-to-center spacing of 2 mm. These detectors are mounted
on a rotating platform, enabling them to function either as a Compton camera
or as a PET detector pair. The 64-channel SiPM signals from each detector are
processed through a capacitive multiplexing circuit, generating four position-
weighted output signals. Different energy windows are employed to distinguish
Compton events from PET events. Calibration of energy resolution and the
energy-channel relationship was performed using various radioactive sources. At
511 keV, the average energy resolution (full width at half maximum, FWHM)
of the two detectors was measured to be 17.5% and 15.2%, respectively. Pre-
liminary experimental results demonstrate that the system achieves an angular
resolution (FWHM) of 8.6° in Compton imaging mode. A V-shaped catheter
injected with '®F solution yielded a clear reconstruction, further validating the
imaging capability of the system in Compton imaging mode. Simulation and
experimental imaging studies reveal that in PET imaging mode, the system can
detect tumors as small as 1 mm in diameter. Successful mouse skeletal PET
imaging was performed, with results matching well with corresponding com-
puted tomography (CT) images. This technology holds tremendous potential
for advancing the development of physiological functional imaging modalities.
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China
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We present a prototype for hybrid Compton and positron emission tomography
(PET) imaging aimed at enhancing data utilization and enabling concurrent
imaging of multiple radiopharmaceuticals. The prototype comprises two detec-
tors that utilize LYSO-SiPM and were available in our laboratory. One detector
consists of a 50 x 50 array of LYSO crystals, each measuring 0.9 mm x 0.9 mm
x 10 mm with 1 mm pitches, whereas the other detector comprises a 25 x 25
array of LYSO crystals, each measuring 1.9 mm X 1.9 mm x 10 mm with 2
mm pitches. These detectors are mounted on a rotational stage, which enables
them to function as either a Compton camera or a PET detector pair. The
64-channel signals from the SiPMs of each detector are processed through a
capacitive multiplexing circuit to yield four position-weighted outputs.

Distinct energy windows were used to discriminate Compton events from PET
events. Energy resolution and energy-channel relationships were calibrated via
multiple sources. The measured average energy resolutions (full widths at half
maximum, FWHMs) for the detectors at 511 keV were 17.5% and 15.2%, respec-
tively. The initial experimental results indicate an angular resolution (FWHM)
of 8.6° for the system in Compton imaging mode. A V-shaped tube injected
with 18F solution was clearly reconstructed, which further verified the imaging
capabilities of the system in Compton imaging mode. The results of simula-
tion and experimental imaging studies show that the system can detect tumors
as small as 1 mm in diameter when working in PET imaging mode. Mouse
bone PET imaging was successfully conducted, with the results matching well
with the corresponding CT images. This technology holds great potential for
advancing the development of physiological function modalities.

Keywords: PET, Compton camera, Image reconstruction

INTRODUCTION

Positron emission tomography (PET) is a sophisticated, noninvasive medical
imaging modality predicated upon positron emission radionuclide labeling that
facilitates the quantification of cellular metabolism within bodily tissues \cite{1-
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6}. Central to PET imaging is the use of positron emission radiopharmaceuti-
cals, notably 18F-deoxyglucose (18F-FDG), which functions as a glucose analog.
Upon administration into the patient’s body, FDG is distributed in accordance
with physiological and pathological processes. Given its structural absence of a
hydroxyl group at the C-2 position, FDG cannot be further metabolized, which
results in its entrapment within tumor cells in proportion to glucose utiliza-
tion rates, thereby enabling increased radioactive deposition within tumor sites
[?, ?]. The positrons emitted from decay undergo annihilation radiation with
electrons, which results in a pair of gamma photons with an energy of 511 keV
being emitted in opposite directions, as depicted in Figure 1 Figure 1: see origi-
nal paper. The coincidence detection of these gamma photons provides insight
into tracer transport, metabolism, and binding.

PET has garnered attention for applications related to tumor diagnosis, ra-
diopharmaceutical development, neurological disorders, and biodynamic model-
ing \cite{9-14}. Critical to PET imaging are positron emission radionuclides
[?, 7], such as 18F, 11C, 13N, and 150. Moreover, certain single-photon emis-
sion nuclides, such as 99mTc, 67Ga, 111In, and 1231, prove indispensable in
elucidating physiological metabolic processes \cite{17-21}. Nevertheless, the
predominant emission of gamma rays renders these nuclides incompatible with
PET systems. As illustrated in Figure 1(b), single-photon emission computed
tomography (SPECT) addresses this limitation and enables the imaging of such
radioisotopes via mechanical collimation \cite{22-24}.

The integration of PET /SPECT dual-tracer imaging systems has broadened the
application of nuclear medicine in medical diagnosis, where it augments clini-
cal and preclinical research approaches \cite{25-30}. Studies have underscored
the enhanced diagnostic accuracy afforded by PET/SPECT for certain malig-
nancies, such as thyroid cancer \cite{31-33}. Simultaneous imaging with 1311
and 18F-FDG demonstrates divergent patterns in thyroid tissue accumulation,
which mitigates the risk of misdiagnosis, particularly in assessing therapeutic
efficacy \cite{34-37}. Nonetheless, concurrent PET and SPECT image acquisi-
tion poses challenges, including potential interference between imaging modali-
ties and compromised sensitivity of PET due to collimators within the SPECT
system, alongside the introduction of unwanted background signals into SPECT
images through the interactions of 511 keV photons [?].

With advancements in detector technology, the exploration of Compton cameras
for various applications, particularly in medical imaging, is receiving increasing
attention \cite{39-43}. As illustrated in Figure 1(c), Compton cameras typi-
cally comprise two detector layers: a scatterer and an absorber. Gamma rays
scattered in the scatterer and then absorbed in the absorber create cones of
potential source locations. Combining these overlapping cones from multiple
sequences produces an image of the source distribution. Notably, Compton
cameras can detect gamma rays that span from tens of keV to several MeV and
reconstruct the three-dimensional distribution of radiation sources \cite{44-49}.
By imaging gamma photons of various energies without mechanical collimators,
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a Compton/PET hybrid imaging system provides a wider field of view than does
PET/SPECT, thereby resulting in improved system sensitivity and overcoming
the challenges inherent in simultaneous PET and SPECT image acquisition
\cite{50-53}.

As illustrated in Figure 1(d), a Compton/PET hybrid imaging system discrim-
inates coincidence events based on photon energy and utilizes both Compton
and photoelectric events for image reconstruction. Commercial PET systems
exhibit relatively low sensitivity of approximately 1% [?]. A key contributing
factor lies in Compton scattering inducing changes in the photon flight direction,
which introduces additional noise during image reconstruction. Consequently,
a considerable proportion of Compton scattering events are excluded during
reconstruction. Regrettably, this process entails discarding valuable informa-
tion encapsulated in Compton events. Leveraging Compton events to obtain
valuable information could bolster system sensitivity [?, ?]. PET events, which
occur when neither photon undergoes scattering, are employed directly for PET
imaging. Compton events, which occur when one photon scatters and all its en-
ergy is ultimately deposited in the detectors, are utilized for Compton imaging.
In instances where one photon scatters and the other does not, S+— triple
coincidence detection is conducted to integrate the direction information of the
scattered photon into image reconstruction [?].

Certain S+ decays are accompanied by single gamma photons, which increases
noise in PET scans. Through S+—~ triple coincidence, the intersection of PET-
derived LORs with Compton-cone imaged regions furnishes precise source local-
ization. The 3D Compton cone complements traditional LOR-based PET ap-
proaches by translating scattering events into orientation information, thereby
augmenting system sensitivity and the image signal-to-noise ratio [?, ?]. In 2017,
Yamaya et al. pioneered the whole gamma imaging (WGI) prototype [?, ?]. In
2020, they achieved experimental imaging in PET, single-photon and triple-
gamma modes [?, ?]. Other radioisotopes, such as 44mSc, 48V, 86Y, 94Tc, and
152Tb, are anticipated for use in positron—gamma imaging [?, ?]. This optimiza-
tion markedly enhances the data utilization efficiency, captures more effective
information within a single scan, and consequently enhances the overall imaging
accuracy [?].

The ability of Compton/PET hybrid imaging systems to detect triple coinci-
dence of f+— events with multitracer imaging heralds a new era in dual-tracer
PET detection methods. For example, in cardiovascular investigations, the si-
multaneous administration of 82Rb-chloride and 18F-FDG can be used to assess
both the metabolic rate and perfusion kinetics [?]. However, when two different
positron radiopharmaceuticals are administered simultaneously or sequentially,
the detector records information from both nuclides as 511 keV gamma pho-
tons in dual-tracer PET. Consequently, the detector is unable to distinguish
between the two signals, which poses a significant obstacle to dual-tracer PET
image reconstruction. Historically, obtaining images of the double tracer has
been complex and has relied on dynamic modeling, arterial input functions, deep

chinarxiv.org/items/chinaxiv-202507.00140 Machine Translation


https://chinarxiv.org/items/chinaxiv-202507.00140

ChinaRxiv [$X]

learning and longitudinal PET \cite{66-73}. Given that some positron-emitting
drugs emit a single photon during 5+ decay, the Compton/PET hybrid imaging
system can identify each tracer for independent imaging through S+—~ triple
coincidence detection. The ability of this technology to facilitate multitracer
imaging is critical for advancing physiological function research and holds great
potential for future development.

In addition to positron-gamma imaging, a hybrid Compton/PET system en-
ables multinuclide imaging. In nuclear medicine, timely detection of cancer and
real-time monitoring of recurrence in vivo present significant challenges, partic-
ularly in the early diagnosis of tumors via PET and in distinguishing between
benign and malignant lesions [?, ?]. To characterize cancer and surrounding
tissues fully, improve diagnostic accuracy, and tailor the best treatment strat-
egy, the use of multiple nuclides to obtain detailed information is imperative
\cite{76-79}. In 2020, the Compton/PET hybrid imaging system proposed by
Shimazoe et al. successfully imaged 18F-FDG and 111In [?]. In 2021, the re-
search group subsequently achieved simultaneous imaging of dual nuclides in a
mixture of 1311 and 18F-FDG [?].

Considering these advantages of hybrid Compton/PET systems, we built a pro-
totype for hybrid Compton and PET imaging based on lutetium—yttrium oxy-
orthosilicate (LYSO) scintillator crystals and silicon photomultipliers (SiPMs).
Characterization of the system and assessment of its imaging performance in
both PET and Compton imaging modes were conducted. Custom reconstruc-
tion software was developed for both the Compton camera and PET via the list-
mode maximum likelihood estimation maximization (MLEM) method, which
was executed across multiple graphics processing units (GPUs). Imaging exper-
iments with various phantoms and small mice were carried out to evaluate the
effectiveness of the hybrid prototype.

MATERIALS AND METHODS

A. System Design

We constructed a Compton/PET hybrid imaging system from two existing de-
tectors available in the laboratory. One detector is composed of a LYSO array
of 50 x 50 crystals, each measuring 0.9 mm x 0.9 mm x 10 mm with a pitch of 1
mm, whereas the other detector is composed of a LYSO array of 25 x 25 crystals,
each measuring 1.9 mm x 1.9 mm x 10 mm with a pitch of 2 mm. The LYSO
crystals were polished and optically isolated via 0.1 mm thick BaSO4 reflectors,
and the outside of the crystal array was also covered with BaSO4 reflectors.
Both detectors are directly read out by an 8 x 8 SiPM (SenSL MicroFC-60035)
array. The dimensions of the 8 x 8 SiPM array are 50.79 mm x 50.79 mm, with
each pixel measuring 6 mm x 6 mm. Preliminary experiments have shown that
flood images of two crystal arrays can be decoded relatively efficiently via a 4
mm thick light guide [?]. Therefore, in this study, optical glue of 4 mm thickness
was used for the coupling between the crystal arrays and SiPM arrays.
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The two detectors were mounted on a rotational stage to form either a Compton
camera or a PET detector pair (not simultaneously in this preliminary study).
When the detectors are arranged one in front of the other, the system operates
in Compton imaging mode, with the 50 x 50 array detector working as the
scatterer and the other as the absorber, as shown in Figure 2 Figure 2: see
original paper. Conversely, when the two detectors are positioned face-to-face,
the system operates in PET imaging mode, as shown in Figure 2(b). For the
Compton camera, the center-to-center distance of the two detectors for this
evaluation study was set to 102 mm. For PET imaging, the two detectors
on the rotational stage can independently be rotated to any desired angle and
direction to mimic full-ring PET imaging. The maximum face-to-face distance
between the two detectors is 137 mm, which means that the PET has a radial
field of view of 137 mm and an axial field of view of 50 mm.

The detectors and source were housed within a shaded box, and the 4-channel
readout signals from each detector were transmitted to the DAQ, as shown in
Figure 3 [Figure 3: see original paper|. The scintillation photons generated by
the interaction of gamma rays in the LYSO crystal diffuse through the light
guide and are transmitted to the 8 x 8 SiPM array. The encoding circuit
feeds the 64-channel signals from the SiPMs of each detector into a capacitive
multiplexing circuit to reduce the number of signals to 4 position-weighted out-
puts. A custom data acquisition card (DAQ) manufactured by TOFTEK (Wuxi,
China) recorded 8-channel output signals from both detectors. Data acquisition
was carried out in the single mode.

The four-channel signals of each detector were summed and compared with the
high and low thresholds. The time when the signal crossed the lower threshold
was recorded (with a time unit of 20 ns), and the interaction position and energy
information of a single event was obtained via Anger logic. In both Compton
and PET imaging modes, data coincidence was performed between single-photon
events from the two detectors, and the coincidence time window was set to 20
ns (limited by the sampling speed of the DAQ). The energy window for PET
events was set to 460 keV to 560 keV. The Compton events were also filtered
in the reconstruction process. For 18F, an energy window of 0—200 keV was
applied to the scattering energy to eliminate the backscattering effect, and an
energy window of 460-560 keV was applied to the sum of the scattering energy
and the absorption energy. For 60Co, the two energy windows used for imaging
1.17 MeV gamma rays were 0-600 keV and 1055-1290 keV.

B. Detector Evaluation

To extract position and energy information from the raw data, a flood image
was measured by each detector, and the energy—channel relationship of each
individual crystal was established. The detectors were characterized via the
setup shown in Figure 3. The detectors and source were housed within a shading
box, and the 4-channel readout signals from each detector were extracted via
SMA cables and transmitted to the DAQ. Two flood images were generated with
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75 million single-photon events each when irradiated by a 22Na source. Detector
lookup tables were generated by running a custom automatic peak finding code
followed by manual correction. These lookup tables were used to delineate the
regions that correspond to each individual crystal within the flood image.

The energy calibration of each single crystal was performed with three radionu-
clides of different energies: 99mTc, 22Na and 176Lu. The position of the photo-
peak was determined by Gaussian fitting of the energy spectrum. The average
energy resolution of the 511 keV photoelectric peak was computed for all dis-
cernible crystals within the detector.

C. Monte Carlo Simulation

The overall imaging performance of the proposed prototype Compton/PET hy-
brid imaging system was evaluated via GATE simulation [?]. To simplify the
simulation, evaluations of the PET component and the Compton camera com-
ponent were conducted separately. The configuration of the Compton camera
mirrors that of the actual Compton camera that we constructed, with its ge-
ometry depicted in Figure 4 Figure 4: see original paper, in which the red dot
represents the point source. The angular resolution (FWHM) of the Compton
camera was assessed by imaging a 18F point source positioned 2 cm away from
the scatterer center.

The detection efficiency of the prototype was evaluated by employing an ideal
18F point source that was moved among six different positions from —50 mm to
50 mm in the radial direction, with a step size of 1 mm. The absolute detection
efficiency at each position was subsequently calculated. As in the actual design,
the configuration of the PET in the simulation also comprised two detectors, as
shown in Figure 4(b), with the red cylinder representing the phantom. These
detectors were rotated at various angles to mimic full-ring PET imaging. The
imaging performance of the PET system was evaluated by using the small animal
NEMA PET phantom and the Derenzo phantom.

The small animal NEMA phantom is composed predominantly of a cylinder that
measures 30 mm in diameter and length and contains two cold rods, each with
a diameter of 8 mm. Additionally, it features five rod sources with diameters
that range from 1 mm to 5 mm, which are distributed as illustrated in Figure
5 Figure 5: see original paper. As shown in Figure 5(¢), the Derenzo phantom
is composed of six groups of rod sources with diameters of 0.8, 1.0, 1.25, 1.5,
2.0 and 2.5 mm, respectively. The center-to-center spacing between every two
sources is greater than twice the source diameter. Both phantoms were injected
with 18F solution with a total initial activity of 3.7 MBq. Data were acquired
from twelve angles, with rotations taking place every 15°, and scanning was
conducted for 10 minutes at each angle.
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D. Experimental Study

For the Compton camera, the imaging capability was evaluated by using a
60Co source positioned approximately 2 cm away from the scatterer center.
The source was subsequently relocated to five additional positions, as shown in
Figure 6 Figure 6: see original paper. V-shaped tubing filled with 18F was also
imaged to evaluate the imaging capability of the Compton camera when it was
irradiated by a distributed source. The imaging study setup depicted in Figure
6(c) illustrates a V-shaped tube filled with the 18F solution.

For PET, we performed imaging studies with the small animal NEMA PET
phantom (PET/NEMA-SA/P), as shown in Figure 7 Figure 7: see original
paper. The experimental setup for phantom imaging is illustrated in Figure 7(b).
The main part of the cylindrical phantom is composed of a fillable cylindrical
cavity with a diameter and length of 30 mm, and one end is sealed by a cover.
Two cold-filled chambers are provided on the cover, as shown in Figure 5(a).
Both chambers are hollow cylinders with a length of 15 mm and an internal
diameter of 8 mm (an external diameter of 10 mm and a wall thickness of 1
mm). The remaining 20 mm is the solid part, and there are 5 fillable hollow
rods with diameters of 1, 2, 3, 4 and 5 mm distributed 7 mm away from the
center of the circle. The diameters and distribution of the 5 rods are shown in
Figure 5(b). The cylindrical phantom was filled with 3.7 MBq of 18F solution.
The two cold rods within the main section of the phantom were nonradioactive,
whereas the remaining part contained five rods that simulated tumors. The
detector was rotated by 15° sequentially to collect data from 12 different angles,
and data were acquired at the first angle for 10 minutes. At every angle, the two
detectors were kept face-to-face to minimize the parallax error. Since the half-
life of 18F is approximately 2 hours, the acquisition time should be appropriately
extended during the scanning process to account for the influence of radioactive
decay that results from scanning at various angles.

To further evaluate the imaging capabilities of the PET prototype, a mouse
imaging study was conducted. A 20.8 g mouse was injected with 322.2 pCi
of 18F-labeled fluoride solution. Prior to PET scanning, the mouse underwent
CT scanning via an Inviscan Imaging Systems PET/CT scanner, as shown in
Figure 8 Figure 8: see original paper. PET scanning commenced one hour after
drug injection, during which data from a total of 12 angles, as shown in Figure
5(d), were collected, with an acquisition time of 5 minutes at the first angle.
The experimental setup for the mouse imaging study is illustrated in Figure
8(b). Owing to the limited axial length of the system, whole-body imaging of
the mouse within one axial field of view was not feasible. Therefore, skeletal
imaging was restricted from the mouse brain to the chest. Finally, the PET and
CT images were manually registered and superimposed.
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E. Image Reconstruction under Both Imaging Modes

In this study, custom image reconstruction software for the Compton camera was
developed. The software operates on multiple graphics processing units (GPUs)
and is based on the list-mode maximum likelihood expectation maximization
(MLEM) method [?]. The system matrix used in this study was derived based
on Geant4 simulations. This involved systematically scanning a point source
throughout the imaging volume, which allowed for the capture of the system’s
sensitivity, specifically in Compton imaging mode. The reconstructed images
comprised 100 x 100 x 50 voxels, with each voxel measuring 1.0 mm x 1.0 mm
x 1.0 mm. The full width at half maximum (FWHM) of the distribution of the
angular resolution measure (ARM) is applied to justify the angular resolution
of the Compton camera. The ARM for one coincidence event is computed as
follows:

ARM= E- G

where _E represents the scattering angle calculated from the energy informa-
tion from the data point via Compton scattering kinematics and where _ G is
calculated from the position information from the data point and the source
position.

The absolute detection efficiency of a Compton camera is defined by the follow-
ing formula:

x 100%

where n represents the number of effective coincidence events obtained according
to the time window and energy window in a single imaging process and N
represents the total number of photons emitted by the radioactive source.

A versatile PET image reconstruction framework was also developed to accom-
modate various crystal sizes and spatial placements, thus supporting asymmet-
ric PET geometric image reconstruction [?]. The software, which is also based
on the list-mode MLEM algorithm, dynamically computes the system matrix
on-the-fly [?, ?] and utilizes multiple GPUs for improved speed [?, ?]. This
framework enables accurate and flexible PET image reconstruction tailored to
the requirements of the hybrid prototype. The images were reconstructed via
prompt events within a 3D rectilinear space that consisted of 200 x 200 x 200
voxels, where each voxel measured 0.5 mm x 0.5 mm X 0.5 mm. A simplified
version of component-based normalization, which considers both geometric ef-
fects and individual crystal efficiency, was implemented. Random and scatter
corrections were not applied during the 3D image reconstruction process.

III. RESULT'S
A. Detector Evaluation

We obtained a flood image for each detector by irradiating the whole detector
with a 22Na source in single mode, as shown in Figure 9 Figure 9: see original
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paper. Owing to the absorption of most scintillation photons at the edge pix-
els of the crystal array by the coating on the side and the subsequent loss of
scintillation photons at the edge following penetration of the 4 mm light guide,
two or three sets of crystals appear indistinct. Figure 9(c) and (d) show the
profiles along the red line of each set of crystals along the reimage. For the
50 x 50 crystal array, 44 x 44 crystals can be identified from the flood image.
For the 25 x 25 crystal array, 23 x 23 crystals can be identified. The average
peak-to-valley ratios along the red line in Figure 9(a-b) for the two flood images
were 1.26$+0.25and1.814+30.41, respectively.

99mTc, 22Na and 176Lu sources were used for energy calibration. The energies
used for calibration were 140 keV, 511 keV, 597 keV [?, ?] and 1275 keV. The
energy spectrum of a single crystal is shown in Figure 10 [Figure 10: see original
paper]. The data of the photoelectric peak are selected for Gaussian fitting,
and the energy calibration curve of each individual crystal is obtained. Figure
11 [Figure 11: see original paper| shows the energy—channel relationship of a
single representative crystal from the two detector modules. The average energy
resolutions (FWHMSs) of the scatterer and absorber were 17.5% and 15.2%,
respectively, for gamma photons with an energy of 511 keV.

B. Monte Carlo Simulation

The 18F point source was placed at (-20,20,0) mm with a distance of 2 cm from
the scatterer center. Figure 12 Figure 12: see original paper shows the simula-
tion results without consideration of the energy resolution, where the FWHM
of the ARM was determined mainly by geometric factors to be approximately
3.51°. The simulation results obtained when the energy resolution of the detec-
tors was set according to the actual measurements, namely, 17.5%@511 keV for
the scatterer and 15.2%@511 keV for the absorber, are shown in Figure 12(b),
where the FWHM of the ARM is approximately 7.80°. Figure 13 [Figure 13:
see original paper] shows the distribution of the detection efficiency after the
energy window was set.

Reconstructed images of the small animal NEMA phantom scanned by the PET
prototype are shown in Figure 14 [Figure 14: see original paper], and the data
from all 12 sampling angles were used for image generation. The reconstructed
images revealed that the cold rods could be well identified by the system. The
hot rod sources with diameters that ranged from 1 mm to 5 mm were all clearly
identified.

To further evaluate the resolving power of the PET prototype, the Derenzo
phantom was simulated, and the results are shown in Figure 15 [Figure 15:
see original paper]. The reconstructed image in Figure 15(a) shows that the
system could identify radioactive sources with a diameter of 1 mm but could
not effectively identify sources with a diameter of 0.8 mm. Figure 15(b) shows
the line profile of three rod sources with a diameter of 1 mm along the yellow
line. The average peak-to-valley ratio is 1.63.
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C. Experimental Study

For the Compton imaging mode, the images reconstructed experimentally via
the MLEM reconstruction algorithms are shown in Figure 16 [Figure 16: see
original paper] when the 60Co source was subsequently placed at five different
locations. The ARM distribution of the experimental data is also presented in
Figure 16. The average FWHM of the ARM was approximately 8.6° when the
source was 2 cm away from the scatterer center. An image of the V-shaped
phantom was obtained and is shown in Figure 17 [Figure 17: see original pa-
per]. Via a simple filtered back-projection method, the Compton camera clearly
reconstructed the V-shaped phantom.

The reconstructed images of the small animal NEMA phantom in PET imaging
mode are shown in Figure 18 Figure 18: see original paper. Data from the 12
angles were applied. The cold rods and lesion areas were successfully identified.
Additionally, five groups of rod sources that ranged from 1 to 5 mm in diameter
were also clearly distinguished. Figure 18(b) displays the line profile of the
uniform region, with a mean pixel value of 9.62 and a standard deviation of
0.42.

The mouse bone structure can be distinctly identified with 18F labeling, as il-
lustrated in Figure 19 Figure 19: see original paper, which displays PET/CT
images of three slices that depict the mouse rib, arm, and head. PET images
were manually registered and superimposed with CT images. The results demon-
strate a high level of consistency between the PET images and the bone images
obtained via CT.

IV. DISCUSSION

In this study, we developed a Compton/PET hybrid imaging system. The use of
LYSO crystals, with their relatively high density, has been proposed for prompt
gamma imaging. However, very few LYSO Compton camera prototypes, let
alone those combined with PET systems, have been built and evaluated in prac-
tice. We developed a prototype that comprises two existing detectors that use
LYSO-SiPM in our laboratory. These detectors were mounted on a rotational
stage, thus enabling them to function either as a Compton camera or as a PET
detector pair. Distinct energy windows were employed to differentiate Compton
events from PET events. The encoding circuit feeds the 64-channel signals from
each SiPM into a capacitive multiplexing circuit, which reduces the number of
signals from 64 to 4 position-weighted outputs. This approach is used to decode
the 50 x 50 dense-pixel LYSO detectors, thereby significantly simplifying the
data processing procedure.

Monte Carlo simulations, as well as experimental validations, were conducted
separately for the system operating in both Compton imaging mode and PET
imaging mode. In addition to point source imaging studies for performance
evaluation, the feasibility of phantom imaging in Compton imaging mode by
imaging a V-shaped distribution source was successfully demonstrated. Fur-

chinarxiv.org/items/chinaxiv-202507.00140 Machine Translation


https://chinarxiv.org/items/chinaxiv-202507.00140

ChinaRxiv [$X]

thermore, a mouse imaging experiment in PET imaging mode was carried out,
which revealed the potential for application of the Compton/PET hybrid imag-
ing system in small animal models.

Our observations revealed remarkable performance of the prototype hybrid sys-
tem in both Compton imaging mode and PET imaging mode. Further enhance-
ments to the overall system’s image resolution and/or sensitivity would entail
optimizing the detector design, which typically involves a trade-off between the
desired performance and cost-effectiveness, constrained by factors such as me-
chanical integration and image correction techniques. The angular resolution of
a Compton camera is influenced by factors such as the energy resolution of the
detectors; geometric effects such as the intrinsic detector spatial resolution and
scatterer-to-absorber distance; and the Doppler effect. In this study, both de-
tectors were LYSO scintillation detectors. Employing semiconductor detectors,
such as silicon detectors, could yield higher energy resolution and, consequently,
improved angular resolution, albeit at a higher cost.

Decisions regarding the crystal dimensions of the detectors also hinge on bal-
ancing detection sensitivity and system resolution. A shorter crystal length can
mitigate the parallax effect for PET imaging and decrease the geometric contri-
bution to angular resolution for Compton imaging at the expense of sensitivity
degradation. Conversely, a larger crystal section can enhance the overall system
sensitivity by increasing the solid angle coverage, albeit at the cost of resolution
degradation. Thus, careful consideration of various factors is imperative for opti-
mizing detector design before a hybrid system is implemented. Compared with
previously developed systems [?, 7], we used a small-pixel, large-array LYSO
detector as the scatterer layer (with a pixel size of 0.9 mm x 0.9 mm and an
array size of 50 mm x 50 mm), which improved the sensitivity of the Comp-
ton camera and significantly reduced the influence of geometric factors on the
spatial resolution. For future commercial devices, further studies are needed to
ascertain the most cost-effective design for the proposed Compton/PET hybrid
imaging technology.

In this study, the data acquisition (DAQ) system used a 50 million samples per
second (MSPS) analog-to-digital converter (ADC), which resulted in a times-
tamp unit of 20 ns. Consequently, the minimum coincidence time window that
could be set in the experiment was 20 ns, and the time difference for all coinci-
dence events was also 20 ns. Employing faster DAQ would enable the use of a
narrower time window, thereby aiding in the reduction of random coincidences.

The hybrid imaging system introduced in this study was constructed with two
preexisting detectors available in the laboratory. Owing to the limited number
of detectors, the two imaging modalities, Compton imaging and positron emis-
sion tomography (PET) imaging, were implemented separately. Similarly, in
PET imaging mode, only coincidence events between the two detectors can be
captured. However, with the implementation of a two-ring system, additional
scatterer—absorber and absorber—absorber coincidence events can be obtained,
thus augmenting the total number of useful events. These supplementary events
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hold potential for enhancing the image signal-to-noise ratio through improved
image reconstruction techniques.

In our prototype system, the two detectors employed crystals with different di-
mensions, which resulted in an asymmetric geometry for the collected PET data.
To accommodate this unconventional setup, we developed a general-purpose
PET reconstruction framework capable of reconstructing images under arbi-
trary spatial placements of detector crystals with varying dimensions, thereby
supporting the asymmetric geometry of our Compton/PET hybrid imaging sys-
tem. Image reconstruction software was devised on the basis of a list-mode
MLEM algorithm run on multiple GPUs, thereby enabling real-time computa-
tion of the system matrix. Attenuation correction was implemented via forward
projection of the attenuation coefficient map derived from the known object
geometry, typically obtained from computed tomography (CT) images. This
correction accounts for attenuation effects within both the imaging objects and
the detectors, which is particularly relevant if a two-ring system is to be con-
structed. The normalization step in the software simplifies the process by con-
sidering only geometric effects and individual crystal efficiency. To obtain fully
quantitative PET images from the Compton/PET hybrid imaging system, fu-
ture iterations of the reconstruction software should incorporate additional fac-
tors such as dead time parameters, detector interference patterns and axial
effects. Scatter and random corrections are imperative for accurate image re-
construction. By incorporating scatter and random corrections, the final images
can more accurately represent the true distribution of radiotracer uptake in the
imaged object, thereby bolstering the reliability and diagnostic efficacy of the
imaging system.

Additionally, reconstruction for Compton scattering events was conducted via
rapid reconstruction software based on the list-mode MLEM algorithm, which
was optimized for parallel execution across multiple GPUs. The system matrix
was derived via Geant4 simulations, which involved systematically scanning a
point source throughout the imaging volume and capturing the system’s sensi-
tivity in Compton imaging mode.

V. CONCLUSIONS

In this study, we introduced a LYSO-SiPM-based Compton/PET hybrid imag-
ing system and developed a prototype to assess its feasibility and performance
through simulation and experimentation. The simulation results demonstrate
the system’s ability to conduct Compton and PET imaging. Point source sim-
ulations revealed a 7.8° angular resolution (FWHM) for Compton imaging and
the ability to discern tumors as small as 1 mm in diameter in PET imaging
mode. Additionally, phantom imaging and mouse imaging experiments were
conducted. In Compton imaging mode, the prototype accurately imaged point
sources at various positions, whereas in PET imaging mode, it successfully iden-
tified tumors with a diameter of 1 mm. The PET imaging capabilities were
further validated in mouse imaging experiments, where the obtained PET im-
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ages corresponded well to CT images from a commercial PET/CT system.

Notably, scatter correction and random correction were not integrated into the
PET image reconstruction during this preliminary evaluation, and these aspects
will be addressed in future studies. In this study, we focused on constructing a
simple prototype from existing detectors from our laboratory and evaluating two
distinct imaging modes, namely, Compton imaging and PET imaging, with the
same detectors. Moving forward, we aim to develop a full-ring Compton/PET
hybrid imaging system and explore various coincidence data and imaging modes,
as well as combinations of modes. Future work will also concentrate on integrat-
ing PET and Compton imaging into a single scan and achieving simultaneous
imaging of multiple energy sources.
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