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Abstract. S-PET is a compact, high sensitivity and high resolution small animal
PET prototype developed at Shenzhen Bay Laboratory (SZBL). The S-PET system
employs a phoswich depth of interaction (DOI) detector design, which also allows
identification of the large majority of the cross layer crystal scatter (CLCS) events.
This work evaluates its performance characteristics following the National Electrical
Manufacturers Association (NEMA) NU4-2008 protocol. The S-PET consists of twenty
flat panel type detectors arranged in two rings. The inner diameter is 80 mm and the
axial field of view (FOV) is 104.5 mm. Each detector is comprised of two layers of
phoswich scintillator crystal arrays, an oblique edge cut glass lightguide and two multi-
pixel photon counter (MPPC) arrays. The front (annihilation photon entrance) layer
is a 30 x 60 pixelated cerium doped lutetium yttrium orthosilicate (LYSO) scintillator
array with individual crystals measuring 0.79 x 0.79 x 5 mm?®. The back (towards
the MPPCs) layer is a 20 x 40 pixelated bismuth germanate (BGO) scintillator array
with individual crystals measuring 1.22 x 1.22 x 7.5 mm?®. For energy windows 350
650 keV, the peak absolute sensitivity at the center of the FOV was 14.9% including
CLCS events, and 11.9% excluding CLCS events. The average system energy resolution
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derived by averaging the individual crystal spectra was 11.2% =+ 3.1% for LYSO and
28.3% + 5.8% for BGO. The 3D ordered-subsets expectation maximization (OSEM)
reconstructed image with spatially variant point spread function (PSF) modeling of a
point source in air, ranged from 0.65 mm to 1.08 mm, with an average value of 0.78 +
0.12 mm at all measured locations. The peak noise equivalent count rate (NECR) and
scatter fractions were 237.4 keps at 11.9 MBq and 13.0% for the mouse-sized phantom,
and 110.3 keps at 11.9 MBq and 23.3% for the rat-sized phantom. For the NEMA
image quality phantom, the uniformity was 6.3%, and the spillover ratios measured
in the water- and air-filled cold region chambers were 11.1% and 7.9%, respectively.
The recovery coefficients (RC) ranged from 0.36 to 0.89. The comprehensive results
demonstrate that S-PET developed at SZBL possesses high spatial resolution and high
sensitivity, which meets the requirements of preclinical research, such as mouse and
rat imaging.
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1. Introduction

Positron emission tomography (PET) is a non-invasive functional imaging modality
widely employed in nuclear medicine, leveraging the detection of coincidence back-
to-back gamma rays produced by positron annihilation. Since pathological functional
alterations often precede structural changes, PET plays an essential role in the early
diagnosis and longitudinal monitoring of malignancies, cardiovascular conditions, and
neurological disorders|1]. In particular, preclinical PET systems optimized for imaging
small animal models, have become indispensable in biomedical research, facilitating
advances in disease modeling, drug development, and therapy assessment[2].

However, imaging small subjects such as mice, which possess approximately
1/3000 the volume of humans and exhibit considerably faster metabolic rates, imposes
significantly stricter requirements on spatial resolution and system sensitivity compared
to clinical PET systems[3, 4, 5, 6]. A fundamental challenge in achieving high
and uniform spatial resolution lies in mitigating parallax error, which arises when
annihilation photons enter detectors at oblique angles causing event mispositioning.
This degradation becomes progressively more severe from the center to the edge of the
field-of-view (FOV), making accurate depth-of-interaction (DOI) encoding essential for
reliable quantification in small animal studies.

These demanding requirements have driven substantial innovations in detector
technology, with research efforts focusing on achieving simultaneously high spatial
resolution and system sensitivity. Among the key strategies, reducing the cross-section
of the crystal represents a fundamental approach for improving spatial resolution,
enabling the visualization of small structures in rodent organs that are essential for
preclinical research[7, 8, 9]. In addition, the employment of high-Z scintillator materials
significantly enhances system sensitivity by improving gamma-ray stopping power,
which is particularly important for detecting the weak signals from low radiotracer doses
administered to small animals. This approach facilitates the use of thinner scintillators
and improves the signal-to-noise ratio, thereby allowing for more accurate quantification
of radiotracer uptake in small regions of interest (ROI)[10, 11, 12]. Phoswich detector
designs that incorporate multiple scintillator layers effectively address parallax errors
by enabling accurate DOI measurement while maintaining system sensitivity through
scintillator crystals with enough thickness[13, 14]. This combined improvement in both
spatial resolution and detection efficiency ensures uniform performance across the entire
FOV.

Among existing preclinical systems[15, 16, 17, 18], the HIPET system [19] developed
at University of California Los Angeles represent a notable advancement, incorporating
dual-layer phoswich detectors with lutetium yttrium orthosilicate (LYSO) and bismuth
germanate (BGO) crystals to achieve excellent spatial resolution and high sensitivity.
Despite these advancements, opportunities remain for improving spatial resolution,
compactness, and photon detection efficiency.

In this work, we present S-PET, a next-generation, benchtop small animal PET
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prototype developed at Shenzhen Bay Laboratory (SZBL) as an upgrade to the HIPET
system. Building upon HiPET’s phoswich detector architecture, S-PET incorporates
silicon photomultiplier (SiPM) for scintillation light readout, replacing traditional
photomultiplier tubes (PMTs), significantly enhancing the compactness and scalability
of the system. Furthermore, the system employs smaller scintillator crystals and a
reduced ring diameter to improve spatial resolution and sensitivity.

To thoroughly evaluate these enhancements, a comprehensive performance
assessment of the S-PET system was conducted following the National Electrical
Manufacturers Association (NEMA) NU 4-2008 standards [20], including sensitivity,
spatial resolution, scatter fraction (SF), count-rate performance and image quality with
necessary adaptions. Additionally, in vivo rodent studies using radiolabeled tracers
were conducted to demonstrate the capability of this system for high sensitivity, high
resolution preclinical research. Representative animal images are shown to highlight the
molecular information provided by this prototype.

2. Materials and methods

2.1. System description

A photograph of the prototype S-PET scanner is shown in figure 1(a). The S-PET
system consists of twenty flat panel detectors arranged in two rings. The detector ring
inner diameter is 80 mm and the axial FOV is 104.5 mm. Each detector is comprised of
two layers of pixelated scintillator arrays (Ningbo EBO Optoelectronics, Ningbo, China),
a glass light guide with oblique edge cuts and two 8 x 8 multi-pixel photon counter
(MPPC) arrays, as shown in figure 1(b). The front (annihilation photon entrance)
scintillator layer is a 30 x 60 array of 0.79 x 0.79 x 5 mm?® LYSO crystals (0.87 mm
pitch). The back layer (towards the MPPCs) is a 20 x 40 array of 1.22 x 1.22 x 7.5 mm?
BGO crystals (1.30 mm pitch). LYSO and BGO scintillator elements are multiplexed
in a ratio of 9:4, with each 3 x 3 LYSO array segment coupled to a 2 x 2 BGO array
segment. The LYSO and BGO crystal elements were mechanically polished on all sides
except for the ends towards the lightguide, which were diffusely ground. Each individual
crystal was bonded with an Enhanced Specular Reflector (ESR) (3M, St Paul, MN,
USA). A glass light guide with oblique edge cuts (from top to bottom, cut from 1.81
mm to 2.61 mm from the edge and filled with ESR, figure 1(c)) was used to couple the
exit end of the BGO crystal array (26 x 52 mm?) to the photosensitive area containing
two S14161-3050HS-08 low breakdown voltage type MPPCs (Hamamatsu Photonics,
Hamamatsu City, Japan). The detector module has overall dimensions of 26 mm in the
transaxial direction and 52 mm in the axial direction. This matches the total external
dimensions of two MPPCs, allowing continuous positioning of the scintillator arrays
and seamless assembly axially. (see figure 1(b)). The scintillator array, lightguide and
two MPPCs were bonded with optical grease. All pixels of the two 64-channel MPPCs
were read out by a 128-channel front-end module (FEM128) comprising two TOFPET2
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application-specific integrated circuits (ASICs) (PETsys Electronics, Oeiras, Portugal).

Data from all 20 detector modules were delivered to 3 FEB/D_v2 boards, which
also provided power for the ASICs and MPPCs. System clock and a coarse coincidence
filter were provided by a Clock&trigger module. A DAQ board was used to receive data
from the FEB/D_v2 and transmit the data to the computer. Given that the ASICs are
close to the MPPCs and are a source of heat, customized aluminum pipes were coupled
to the ASICs via thermal grease. Water cooled by a Peltier module flows continuously
through the pipes. The temperature of the MPPCs was kept at about 26°C with a
< 1°C variation. Before data acquisition, all ASICs were calibrated following a routine
provided by PETsys. More details on data processing can be found in [21].

The acquired data were post-processed using a two-dimensional look-up-table (see
figure 2) to distinguish three kinds of events (LYSO, BGO and CLCS, cross layer crystal
scatter)[21]. The signal of the LYSO will be the main component of the CLCS events
since the light output of LYSO is much greater than that of BGO. Therefore, the LYSO
post-processing parameters, such as timing peaks and crystal look-up-tables, were used
when processing CLCS events. No energy windows were applied for CLCS events.

The characteristics of the S-PET systems are summarized in table 1.

30%60 array of 0.79%0.79x5 mm? LY SO crystals
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Figure 1. (a) Photograph of the S-PET system; (b) schematic of two detector modules
arranged axially; (c) schematic of the oblique edge cut light guide.

2.2. Energy and time resolution

A cylindrical phantom with diameter of 40 mm and 120 mm length was filled with 4.44
MBq (120 uCi) ®F solution and placed at the center of the field of view (CFOV). Energy
spectra of individual crystals were extracted, and a Gaussian function was fitted to the
photopeak of each energy spectrum. The energy resolution was measured for every
crystal in the scanner as the full width at half-maximum (FWHM) of the Gaussian
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Figure 2. A two-dimensional charge integration (QDC) and time over threshold
(TOT) histogram and a three region look-up-table to distinguish LYSO, BGO and
CLCS events.

Table 1. Characteristics of the S-PET system, units of mm.

Crystal material LYSO/BGO

Crystal size (mm?) 0.79 x 0.79 x 5/1.22 x 1.22 x 7.5
Crystal pitch (mm) 0.87/1.30

Crystal array 30 x 60/20 x 40 crystals/2 MPPCs
Light guide Oblique edge cut light guide (1.81-2.61 mm)
MPPC Hamamatsu S14161-3050HS-08 MPPC
Number of rings 2

Number of detectors per rings 10

Number of crystals per module 2600

Number of crystals in total 52 000

Ring diameter (mm) 80

Axial FOV (mm) 104.5

Transaxial FOV (mm) 60

Signal processing system TOFPET2 ASIC

Number of lines of responses (LORs)  6.76 x 108

Data format List-mode

function divided by the energy corresponding to the center of the photopeak, expressed
as a percentage resolution. Timing spectra between different detector pairs and event
types were extracted and a Gaussian function was fitted to the peak of each timing
spectrum. Coincidence timing resolution (CTR) was measured as the FWHM of the
Gaussian function.

2.3. Spatial resolution

A 0.44 MBq *Na point source with diameter of 0.25 mm, embedded in a 1 cm?
piece of acrylic was used (NEMA NU-4 compliant, Eckert & Ziegler Isotope Products,
Valencia, CA, USA). The point source was imaged at two axial locations: (a) the
center of the axial FOV and (b) one fourth of the axial FOV, at 26.1 mm from the
center along the axial direction. For each of these two axial locations, the source
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was placed radially offset at 0 mm, 5 mm, 10 mm, 15 mm and 25 mm from the
geometric axis. Acquisition time was 30 s at each position and more than 10° prompt
counts were acquired per measurement. Following the NEMA protocol, images were
reconstructed using the filtered backprojection (STIR[22], FBP 2D) method with the
CLCS events excluded. In addition, images were reconstructed using the 3D ordered-
subsets expectation maximization (OSEM) algorithm (CASToR/[23]) with image based
spatially variant point spread function (PSF) modeling. The spatially variant PSFs were
obtained by fitting the point source simulation data using double Gaussian functions at
different positions[24]. The data was reconstructed using 3D OSEM with 3 iterations
and 10 subsets, at an image voxel size of 0.2 x 0.2 x 0.2 mm?. The point source
response function was formed by summing 1D profiles parallel to the radial, tangential,
and axial directions of the reconstructed image. A parabolic fit of the peak point and
its two nearest neighboring points was used to determine the maximum value of the
response function. Linear interpolation between adjacent pixels was used to determine
the position of the half and one tenth of the parabolic curve maximum. Measurements
were not corrected for the physical source dimensions, positron range, or non-collinearity
of positron annihilation gammas.

2.4. Sensitivity

The same ??Na point source used for the spatial resolution measurement was also used
to measure absolute system sensitivity. The activity of the point source was 0.44
MBgq, low enough so that the counting loss due to deadtime was less than 1% and
the random event rate was less than 5% of the true event rate, fulfilling the NEMA NU-
4 recommendations. The axial sensitivity profile was measured with the ??Na source
stepped from end to end of the axial FOV. The number of coincidences was recorded at
each position for 60 s. Background measurements (without any source) were collected
in separate 60s acquisitions to account for contributions from the "*Lu. Random and
intrinsic events were subtracted from prompts before the true coincidences were divided
by the actual source activity. The absolute sensitivity (percentage) was corrected for
the branching ratio of *Na (0.906), see equation (1). The attenuation of the acrylic
material surrounding the point source was not compensated,

100 X (Rprompt - Rrandom - Rintrinsic)
= 1
Sa(*) At x 0.906 ’ @

where S4(%) is the absolute sensitivity (percentage), Rprompt and Ryandom are the prompt
and random count rates respectively, R;,irinsic 1S the intrinsic count rate of the scanner
obtained from the background measurement and A, is the calibrated activity at the
acquisition time.

The average sensitivities for a mouse-sized object (with a 70 mm axial length) and
a rat-sized object (104.5 mm, corresponding to the system axial length) was calculated
from the measured axial sensitivity profile.
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2.5. Scatter and count-rate performance

The count-rate performance was evaluated using the NEMA NU-4 mouse- and rat-sized
phantoms. The mouse-sized phantom is a solid cylinder measuring 70 mm in length and
25 mm in diameter, with a 3.2 mm diameter cylindrical hole drilled parallel to the central
axis at a radial offset of 10 mm. The rat-sized phantom is a solid cylinder measuring
150 mm in length and 50 mm in diameter, with a 3.2 mm diameter cylindrical hole
drilled parallel to the central axis at a radial offset of 17.5 mm. These solid cylinders
are made of high density polyethylene (0.96 gm™3). A flexible tubing filled with 8F
solution was inserted into the 3.2 mm cylindrical hole of the phantom. The initial
activity was measured to be 25 and 24 MBq for the mouse- and rat-sized phantom
respectively using a dose calibrator (CRC-55tR, Capintec, Ramsey, NJ, USA) at the
start of the acquisition. Background measurements were also collected in separate 20-
minute acquisitions for both phantoms to account for contributions from the Lu.

The data was post-processed with an energy window of 350-650 keV and timing
windows of 2.4 ns, 6.4 ns and 9.6 ns for the LYSO-LYSO, LYSO-BGO and BGO-BGO
coincidences, and with the CLCS events excluded. The SF was measured using a prompt
sinogram with an activity of 111 kBq (3 nCi). This low-activity acquisition was chosen
to ensure that dead time and randoms did not affect the measurement. As specified by
NEMA NU-4, the scatter count rate was calculated by equation (2):

Rscatter = Rprompt - Rtrue - Rrandom - Rintrinsica (2)

where Rgcatter, Rprompt, Rirue and Ryandom are the scatter, prompt, true and random
count rates respectively, and R;,;rinsic i the intrinsic count rate of the scanner obtained
from the background measurement. The SF was calculated by equation (3):

Rscatt@r
SF = . 3
Rscatter + Rtrue ( )
The noise equivalent count rate (NECR) was defined by equation (4):

R?rue
NECR =
Rprompt + Rrandom

o (Rprompt - chmdom - Rintrinsic)2 X (1 - SF)2

Rprompt + Rrandom

2.0. Imaging studies

For all imaging studies in this work, the data were post-processed with an energy window
of 350-650 keV and a timing window of 2.4 ns, 6.4 ns and 9.6 ns for the LYSO-LYSO,
LYSO-BGO and BGO-BGO coincidences, and with the CLCS events excluded.

2.6.1. NEMA image quality phantom Image quality studies were performed using
the NEMA NU-4 image quality phantom (Data Spectrum, Durham, NC, US). The
phantom was filled with 3.7 MBq of ®F solution and data was acquired for 20 min
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as prescribed in the NEMA NU-4 protocol. The data was reconstructed using 3D
OSEM iterative reconstruction with a voxel size of 0.2 x 0.2 x 0.2 mm3. Detector
efficiency normalization correction was applied, but no scatter correction was applied.
A CT scan (the Madiclab Prime H Series, Madiclab, Linyi, China) of the phantom
and its supporting bed was acquired and the reconstructed CT image defining the data
acquisition geometry was forward projected through the PET system response matrix
to generate attenuation correction for the PET data. OSEM iterations were set to
20 using 10 subsets with spatially variant PSF modeling and regularization (Nuyts|?],
hyperparameter value 2). A 22.5 mm-diameter and 10 mm-high cylindrical ROI was
drawn over the center of the uniform region of the image-quality phantom. The average
concentration values and percentage standard deviation (% SD) in this ROI were used
to estimate the uniformity performance as a measure of noise. The image slices covering
the central 10 mm length of the rods were averaged to obtain a single 2D image slice of
lower noise. Circular ROIs were drawn in this 2D image around each rod, with diameters
twice the physical diameters of the rods. The maximum values in each of these ROIs
were measured and divided by the mean value obtained in the uniformity test to obtain
the recovery coefficient (RC) for each rod size. The transverse image pixel coordinates
of the locations with the maximum ROI values were recorded and used to create 10
mm long line profiles along the rods in the axial direction. The SD of the pixel values
measured along each of these line profiles was calculated. Although no object scatter
correction was applied to the acquired dataset, the spillover ratio of the water- and
air-filled cold region chamber were calculated as specified in the NEMA NU-4 standard
to provide a rough estimation of the photon scatter effects. The diameter of the VOI
was 4 mm and encompassed the central 7.5 mm in length in the axial direction. The
ratio of the mean in each cold region to the mean of the hot uniform area was reported
as spillover ratio.

2.6.2. Hot rod phantom Spatial resolution was also assessed with a Derenzo style hot
rod phantom (Phantech, Madison, WI, US) with fillable channels of different diameters
(0.5, 0.6, 0.75, 1.0, 1.25, and 1.5 mm) and center-to-center spacing two times the
diameter of the respective channels. The phantom was filled with 1.85 MBq (50 nCi) of
I8F at the start of the acquisition and scanned for 30 min. The data were reconstructed
using 3D OSEM iterative reconstruction with a voxel size of 0.2 x 0.2 x 0.2 mm?.
Detector efficiency normalization correction was applied, but no scatter and attenuation
correction was applied. OSEM iterations were set to 60 using 10 subsets with spatially

variant PSF modeling.

2.6.3. Animal studies Animal studies were approved by the SZBL Animal Research
Committee and carried out according to the guidelines of the Department of Laboratory
Animal Medicine at SZBL.

For mouse studies, C57BL6 mouse was consciously injected intravenously via tail
vein with approximately 10.1 MBq (274 uCi) ["*F]FDG. The mouse was then transferred
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to a dedicated imaging chamber for PET imaging under anesthesia. The PET scans was
acquired for 30 min after 115 min from the injection. Then the entire imaging chamber
with the mouse was manually transferred to the same CT system used in phantom
studies for CT acquisition.

For rat studies, a Sprague Dawley (SD) rat was consciously injected intravenously
via tail vein with approximately 8.7 MBq (236 nCi) ["®F]FDG. The rat was then
transferred to a dedicated imaging chamber for PET imaging under anesthesia. The
imaging chamber was moved into the PET system with the brain of the rat placed
approximately at the CFOV. The PET scan was acquired for 30 min after 90 min from
the injection. After the PET scan, the entire imaging chamber with the rat was manually
transferred to the same CT system for CT acquisition.

All animal PET images were reconstructed with an energy window of 350-650
keV using spatially variant PSF 3D OSEM with a voxel size of 0.2 x 0.2 x 0.2 mm?.
Corrections for photon attenuation (based on CT) and detector efficiency normalization
were applied during reconstructions. For mouse imaging, OSEM iterations were set were
set to 10 using 10 subsets. And for rat imaging, OSEM iterations were set to 5 using
10 subsets.

3. Results

3.1. Energy and time resolution

For the crystals in all twenty detectors, the average energy resolution as derived by
averaging the energy resolution of the individual crystal spectra, was 11.2% =+ 3.1% for
LYSO and 28.3% + 5.8% for BGO. Representative crystal energy spectra are shown
in figure 3(a) (LYSO) and (b) (BGO). The CTR was 0.76 + 0.08 ns, 2.06 + 0.25 and
3.17 £ 0.46 ns for LYSO-LYSO, LYSO-BGO and BGO-BGO coincidences, respectively.
Representative timing spectra for different event types are shown in figure 3(c).

3.2. Spatial resolution

Figure 4 shows the reconstructed image spatial resolution in the radial, tangential, and
axial directions measured in the transverse plane at the axial center and at 1/4 axial
offset using the spatially variant PSF modeling 3D OSEM (3 iterations, 10 subsets).
The spatial resolution ranges from 0.65 mm to 1.08 mm, with an average value of 0.78
+ 0.12 mm. The full width tenth maximum (FWTM) ranges from 1.38 mm to 2.10 mm,
with an average value of 1.67 £ 0.20 mm. The volumetric resolution varies from 0.34 to
0.73 pl. The asymmetric and spatially variant PSF modeling and the DOI decoding can
effectively enhance image resolution, improve resolution uniformity across the FOV, and
correct misposition and distortion in the reconstructed images. Following the NEMA
protocol, the image spatial resolution obtained from FBP 2D reconstruction is shown
in figure 5 and figure 6. For the LYSO-LYSO coincidences, the spatial resolution ranges
from 0.54 mm to 1.77 mm, with an average value of 0.94 + 0.28 mm. The FWTM
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Figure 3. Representative crystal energy spectra of LYSO (a) and BGO (b) events,
and representative timing spectra for different event types (c).

ranges from 1.26 mm to 3.13 mm, with an average value of 2.18 + 0.41 mm. For the
BGO-BGO coincidences, the spatial resolution ranges from 0.70 mm to 2.02 mm, with
an average value of 1.33 £+ 0.36 mm. The FWTM ranges from 1.27 mm to 4.10 mm,
with an average value of 2.76 + 0.67 mm.
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Figure 4. Reconstructed image spatial resolution (the spatially variant PSF modeling
3D OSEM, 3 iterations, 10 subsets) of the S-PET system, showing the FWHM and
FWTM of the radial, tangential, and axial image resolution at (a) axial center of the
FOV and (b) 26.1 mm from the axial center towards the axial edge of the FOV.
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Figure 5. Reconstructed image spatial resolution (FBP 2D) of the S-PET system,
showing the FWHM and FWTM of the radial, tangential, and axial image resolution
for the LYSO-LYSO coincidences at (a) axial center of the FOV and (b) 26.1 mm from
the axial center towards the axial edge of the FOV.
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Figure 6. Reconstructed image spatial resolution (FBP 2D) of the S-PET system,
showing the FWHM and FWTM of the radial, tangential, and axial image resolution
for the BGO-BGO coincidences at (a) axial center of the FOV and (b) 26.1 mm from
the axial center towards the axial edge of the FOV.

3.3. Sensitivity

Table 2 shows the absolute system sensitivity for different energy window settings at
the CFOV (Sacrov) and for the mouse and rat representative lengths (SM s and
SRaot). The peak point source absolute system sensitivity is 14.9% (including the
CLCS events) 11.9% (excluding the CLCS events) measured at the CFOV with a lower
level discriminator (LLD) of 350 keV and an upper level discriminator (ULD) of 650 keV.
The average sensitivity for a mouse-sized object (70 mm axial length) SM 4, ranges
from 11.5% to 22.6% (including the CLCS events) and 9.0% to 19.2% (excluding the
CLCS events). The average sensitivity for a rat-sized object (104.5 mm system axial
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Table 2. Absolute system sensitivity (%) as a function of LLD (with ULD = 650
keV) at the axial center of the FOV, for the mouse and rat representative lengths, and
including or excluding the CLCS events.

LLD (keV) 150 200 250 300 350
Sacrov (%) 242 21.3 181 150 11.9
Without CLCS  SMua o (%) 19.2 167 14.1 11.6 9.0
SRao (%) 161 139 11.6 94 7.3
Sacrov (%) 284 253 21.9 184 14.9
With CLCS SMator (%) 226 200 17.1 143 115
SRatot (%) 19.0 16.6 141 11.7 9.3

length) SR ¢+ ranges from 9.3% to 19.0% (including the CLCS events) and 7.3% to
16.1% (excluding the CLCS events). The axial sensitivity profiles for different energy

window settings are shown in figure 7(a) (including the CLCS events) and (b) (excluding
the CLCS events).
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Figure 7. Absolute system sensitivity as function of axial position and with different
energy windows (with ULD = 650 keV): (a) including the CLCS events; (b) excluding
the CLCS events.

3.4. Scatter and count-rate performance

The prompt, random and NECR as a function of line source activity in the mouse- and
rat-sized phantoms are plotted in figure 8(a) and (b). For the mouse-sized phantom,
the peak NECR is 237.4 kcps at a total phantom activity of 11.9 MBq and the SF is
13.0%. For the rat-sized phantom, the peak NECR is 110.3 keps at a total phantom
activity of 11.9 MBq and the SF is 23.3%.

3.5. Imaging studies

3.5.1. NEMA image quality phantom Figure 9 shows images (0.2 mm thick slice) of a
transverse plane of the uniform region (a), a transverse plane with the five resolution
recovery rods (b), a coronal plane (c), and a profile across the uniform area (d)
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Figure 8. Count rate of the S-PET system as a function of line source activity: (a)
mouse-sized phantom; (b) rat-sized phantom.

of the NEMA image quality phantom. With the variant PSF modeling 3D OSEM
reconstruction (20 iterations, 10 subsets), the % SD in the uniform region was 6.3%.
The RCs for the five different rod sizes from 1 to 5 mm diameter were 0.36 £ 0.06, 0.79
+ 0.07, 0.87 4+ 0.08, 0.87 + 0.07 and 0.89 £+ 0.08. The SORs measured in the water
and air filled cold region chambers were 11.1% 4 1.7% and 7.9% =+ 1.4%.
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Figure 9. Reconstructed images of the NEMA NU-4 image quality phantom, filled
with 18F (3.7 MBq) and imaged for 20 min and reconstructed with the spatially variant
PSF modeling 3D OSEM (20 iterations, 10 subsets): (a) a transverse slice of the

uniform region; (b) a transverse slice of the rods region; (c¢) a coronal slice; (d) a
profile across the uniform area.
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3.5.2. Hot rod phantom Figure 10 shows the sum of transverse slices (6 mm thickness)
in the rod area of the reconstructed image of the Derenzo style hot rod phantom (1.85
MBq '®F, 30 min) with the spatially variant PSF modeling 3D OSEM (20 iterations, 10
subsets). The total number of prompt counts was 280 M. Although the positron range
and photon non-collinearity are not corrected, all the rods with 0.75 mm diameter are
resolvable in the reconstructed image.

1.25 mm
1.5 mm »
. .‘ ad 1.0 mm
. ® =~
....
0.5 mm +  0.75mm
0.6 mm

Figure 10. The sum of transverse slices (6 mm thickness) in the rod area of the
reconstructed image of the Derenzo style hot rod phantom (0.5, 0.6, 0.75, 1.0, 1.25,
1.5 mm) imaged for 30 min and reconstructed with the spatially variant PSF modeling
3D OSEM (60 iterations, 10 subsets).

3.5.3. Animals study Representative images of the biodistribution of ["*F]FDG in
a healthy mouse are shown in figure 11. Images show transverse, coronal and
sagittal images from a 30 min ["*F]FDG study in a C57BL6 mouse, distinguishing the
myocardium from blood pool and identifying other tissues such as kidney, intestine and
bladder. The activity in the entire subject was approximately 4.92 MBq (133 uCi) at
scan time.

Representative images of the biodistribution of ['"*F]FDG in the head area of a
healthy rat shown in figure 12. Images show transverse and coronal images from a 30
min [®F]FDG study in a SD rat, distinguishing the difference uptake between the left
and right region of the rat brain and identifying the cerebellum. The activity in the
entire subject was approximately 5.00 MBq (135 uCi, about 1/10 of a normal rat PET
scan) at scan time.
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Figure 11. Representative images of 30 min static S-PET scan of a C57BL6 mouse
imaged 105 min after injection with 10.1 MBq of [\8F]FDG (4.92 MBq at scan time).

Figure 12. A fused PET-CT brain imaging of 30 min static S-PET scan of a SD rat
imaged 90 min after injection with 8.7 MBq of [*®F]JFDG (5.00 MBq at scan time).
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4. Discussion and Conclusion

In this work, we evaluated the performance of the S-PET system, a next-generation
preclinical PET prototype featuring a dual-layer LYSO/BGO phoswich detector, using
the NEMA NU 4-2008 standards (with adaptations where necessary) alongside phantom
and in vivo rodent studies. The DOI decoding methods utilizing different signal
characteristics of stacked crystals have been widely applied [25, 26, 27, 28]. The system
leverages the distinct signal characteristics of stacked LYSO/BGO crystals (30,000
vs. 8,000 photons/MeV; 40 ns vs. 300 ns decay time) to enable two-layers DOI
resolution and CLCS events identification via a 2D lookup table [21]. The average LYSO
system energy resolution was 11.2%, comparable to the HiPET system (11.7%)[19] and
other preclinical PET systems, such as S-CUBE (12%)[29], Xtrim-PET (12.4%)[30],
a long-axis animal PET (12.9%)[31] and a benchtop small-animal PET/MRI scanner
(11.1% and 11.5%) [32]. However the average BGO system energy resolution was
28.3%, inferior to the HiPET (17.0%) and other BGO-only PET systems, such as
the PETBox(19.6)%[10], the PETBox4 (18.0%)[33] and the G8 (19.3%)[34]. This
degradation may be caused by truncated charge integration of the BGO signal, since
the maximum charge integration time was set to 470 ns to balance the noise level of the
signal and could not completely captures the slow decay BGO signal[21].

The S-PET system demonstrated CTR of 0.76 ns (LYSO-LYSO), 2.06 ns (LYSO-
BGO), and 3.17 ns (BGO-BGO), representing significant improvement over the HiPET
system (2.2, 4.8, and 6.6 ns respectively) due to its single-channel readout design. Event
timing was determined using the earliest channel signal from two MPPCs after channel
offset correction. The degraded BGO timing performance compared to LYSO results
from its lower light output and slower decay time. These measurements, obtained with a
cylindrical source to evaluate all possible LORs, showed slightly worse than our previous
point source measurements (0.60, 1.50, and 2.52 ns)[?] due to light path variations in
the extended source distribution. Since only the earliest timestamp was used for timing
pickoff, the advantage of the single-channel readout was not fully realized. Several
studies[35, 36, 37] showed the utilization of the neighbor channel signals could further
improve the CTR. The fine timing resolution would reduce the random event rate and
improve the quality of the coincidence events. For preclinical PET imaging, where the
imaged object is small, a timing resolution of 200 ps (30 mm position uncertainty) would
not help the image quality much with time-of-flight-based reconstruction[38]. Therefore,
we think the timing resolution is acceptable at the current stage.

The spatial resolution of a PET system is limited by two physical factors, the
crystal cross-section width and the non-collinearity of positron annihilation photons
(determined by system diameter)[39]. Recent advances in high-resolution PET scanner
development have employed increasingly smaller crystals, as demonstrated by several
systems, Metis™ (0.94 mm)[40], Hyperion 11 (0.93 mm)[41], submillimeter-resolution
PET (0.9 mm)[42], an ultrahigh resolution Si-PM based PET system (0.5 mm, 0.32
mm)[43, 44], PawPET (0.43 mm)[45] and a prototype small-animal PET scanner (0.43
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mm)[46]. The S-PET system improves upon HiPET’s resolution (0.78 mm vs. 0.93 mm)
through both smaller crystals (0.79 mm vs. 1.01 mm) and reduced detector ring diameter
(80 mm vs. 160 mm). Reconstruction algorithms significantly impact resolution
measurements, where OSEM with accurate system modeling provides more uniform
resolution across the FOV and eliminates star artifacts characteristic of FBP[47, 48].
These artifacts, visible in figure 5(a) as the sudden rise of the radial FWHM at an
offset of 5 mm and in figure 6(a) as crossed radial FWHM and axial FWTM curves,
can distort resolution assessment. The system’s imaging capability is further validated
by the OSEM reconstructed hot rod phantom, which clearly resolves 0.75 mm diameter
rods, demonstrating performance relevant to realistic small animal imaging conditions.

The sensitivity of a PET system is primarily determined by two factors, solid
angle coverage (geometric efficiency) and crystal stopping power. Compared to the
HiPET system with similar LYSO/BGO detector design and axial length (104.5 mm
vs. 104 mm), the S-PET achieves superior performance through optimized geometry.
Its smaller ring diameter (80 mm vs. 160 mm) increases solid angle coverage, helping
improve the detection efficiency while reducing crystal thickness (12.5 mm vs. 15 mm).
This design yields a 14.9% peak absolute sensitivity, outperforming HiPET (10.4%) and
matching the SIAT aPET system (20 mm crystal thickness, 16.0%) [49] despite using
less crystal material. The sensitivity also significantly exceeds the NanoPET/CT (13
mm crystal thickness, 7.7 %)[50] with comparable crystal thickness, due to the increased
solid angle coverage and the usage of the high stopping power material, BGO. Such high
sensitivity is particularly valuable for dynamic imaging studies, quantitative accuracy,
and radiation dose reduction[51]. While dual-ended readout detectors[52] and four-
layer designs [53, 54, 55| have been explored to improve sensitivity while mitigating
the parallax errors, future S-PET upgrades will incorporate a four-layer LYSO/BGO
phoswich detector (24 mm total thickness)[35] to further enhance sensitivity while
preserving DOI accuracy and system geometry.

The S-PET system achieved a peak NECR of 237.4 kcps at 11.9 MBq for a mouse-
sized phantom, representing a significant improvement over the HiPET system (179
keps at 12.4 MBq) but occurring at lower activity levels compared to other preclinical
scanners, such as f-CUBE (33.3 MBq)[29], Albira Si PET (22.58 MBq)[56] and SIAT
aPET (26 MBq)[49]. In order to collect BGO signals, we have to set a very low threshold,
thus including many low energy LYSO Compton events. This count rate limitation
primarily caused by two reasons. The first is the substantial data generated by the
single-channel readout, which uses a relatively low threshold. This threshold was set to
collect weak BGO signals, but it also admits a large number of low-energy LYSO events,
thereby pushing the data rate toward the physical bandwidth limits of the hardware.
And the suboptimal data processing software increases system dead time and pileup
events. Despite these limitations, the enhanced sensitivity of S-PET provides superior
performance for typical preclinical studies using 10 MBq injected activities. Future
implementations of multiplexed readout electronics[57] are expected to substantially
reduce the amount of data and processing complexity, thereby reducing deadtime in the
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electronics and improving overall count rate performance.

This study presents a comprehensive performance evaluation of the S-PET system,
a next-generation small animal PET prototype featuring dual-layer LYSO/BGO
phoswich detectors, developed at SZBL. Following NEMA NU 4-2008 standards with
necessary adaptations, the results demonstrate significant improvements over the HiPET
system with similar phoswich detector architecture. Achieveing a 0.78 mm image spatial
resolution and a 14.9% peak sensitivity including the CLCS events, the S-PET could
produce phantom and rodent images of high quality and would be a competitive platform
for high resolution molecular imaging in preclinical research.
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