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Abstract
Background:Panel detectors have the potential to provide a flexible, modu-
lar approach to Positron Emission Tomography (PET), enabling customization
to meet patient-specific needs and scan objectives. The panel design allows
detectors to be positioned close to the patient, aiming to enhance sensitivity
and spatial resolution through improved geometric coverage and reduced non-
collinearity blurring. Parallax error can be mitigated using depth of interaction
(DOI) information.
Purpose:One of the key questions the article addresses is: Do panel detectors
offer viable clinical imaging capabilities,or does limited angular sampling restrict
their utility by causing image distortions and artifacts? Additionally, this article
explores the scalability of panel detectors for constructing scanners with a long
axial field of view (LAFOV).
Methods:Monte Carlo simulations using GATE software were used to assess
the performance of panel detectors with various DOI resolutions and Time-of-
Flight (TOF) resolutions as fine as 70 ps. The 30 × 30 cm panels comprised
pixelated 3 × 3 × 20 mm LSO crystals. Simulations were run on large high-
performance computing clusters (122,000 CPU cores). Open-source CASToR
software was used for (TOF MLEM) image reconstruction. The image quality of
the scanners was assessed using a range of phantoms (NEMA,Derenzo,XCAT,
and a high-resolution brain phantom). The Siemens Biograph Vision PET/CT
scanner served as the reference model.The performance of larger 120 × 60 cm
panels was also evaluated.
Results:Sensitivity increases over threefold when panel-panel distance is
reduced from 80 to 40 cm. The noise equivalent count rate, unmodified by TOF
gain, of the panel detectors matches that of the reference clinical scanner at a
distance of approximately 50 cm between the panels.Spatial resolution perpen-
dicular to the panels improves from 8.7 to 1.6 mm when the panel-panel distance
is reduced, and 70 ps + DOI detectors are used instead of 200 ps, no-DOI
detectors. With enhanced TOF and DOI capabilities, panel detectors achieve
image quality that matches or surpasses the reference scanner while using
about four times less detector material. These detectors can be extended for
LAFOV imaging without distortions or artifacts. Additionally, improving TOF and
DOI performance enhances contrast-to-noise ratios, thereby improving lesion
detection.
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Conclusions:A compact 2-panel PET scanner can match the performance of
conventional scanners, producing high-quality, distortion-free images. Its mobil-
ity and flexibility enable novel applications, including bedside imaging and
intensive care unitdiagnostics, as well as imaging in positions such as sitting
or standing. Furthermore, the modularity of panel detectors offers the potential
to construct cost-effective, high-performance total-body imaging systems.

KEYWORDS
depth of interaction (DOI), GATE Monte Carlo simulations, limited angle pet, panel detectors, time-
of-flight (TOF)

1 INTRODUCTION

Traditional Positron Emission Tomography (PET) scan-
ners, employing a full-ring design, have proven invalu-
able in clinical diagnosis and research. However, the
fixed-radius geometry of ring-based designs inherently
limits the flexibility of detector placement for spe-
cific applications. This constraint restricts the ability
to enhance geometric sensitivity by increasing angu-
lar coverage through closer detector placement. We
aim to enhance the flexibility of PET systems, tailor-
ing their design to accommodate patient-specific needs
and scanning objectives. This approach can poten-
tially replace multiple dedicated scanners with a single,
adaptable system.

Our exploration begins with a 2-panel PET system
(Figure 1a). Although several studies have investigated
2-panel PET systems, most have used detectors with
no or limited time-of -flight (TOF) capabilities. These 2-
panel PET systems have been investigated for positron
emission mammography1, 2 (no TOF), intraoperative
surgical procedures3 (271 ps TOF), and in-beam PET
systems for monitoring proton or heavy ion therapies4, 5

(no TOF). Moreover, large dual flat-panel detectors
employing monolithic crystals have been proposed for
cost-effective, walk-through total-body PET imaging6

(predicted 300 ps TOF resolution). Despite their ver-
satility, such 2-panel PET systems often experience
reduced resolution in the direction orthogonal to the
panels, largely due to insufficient coincidence time
resolution (CTR).

In our prior research7, we validated the critical role
of TOF in enhancing sensitivity and improving the
spatial resolution of the 2-panel design. However, we
also observed a notable decline in spatial resolution
when using longer crystals due to parallax error. While
shorter crystals reduce parallax error, they significantly
reduce sensitivity.

Building on these findings, this study focuses on
two main advancements: (1) panel detectors equipped
with high-resolution TOF and depth-of -interaction (DOI)
capabilities, and (2) large panels (120 × 60 cm) con-
structed using high-performing modular units. Specifi-
cally, the study employs LSO crystals of the standard
length of 20 mm, capable of achieving a CTR of
approximately 70 ps FWHM. Considering the sub-100

ps FWHM CTR demonstrated using dual-ended crystal
readout8 and our measured CTR of 76 ps9, our objec-
tive of achieving a 70 ps FWHM CTR appears feasible.
These advancements pave the way for enhanced sen-
sitivity and resolution in modular, panel-based designs.

In this study,we aim to demonstrate that the combined
benefits of high-resolution TOF and DOI capabilities
enable practical, high-quality imaging with panel detec-
tors. In addition to compact panels, we explore their
modular design to construct long axial field-of -view
(LAFOV) scanners, which offer significantly enhanced
sensitivity through expanded geometric coverage. This
improvement leads to higher-quality images, reduced
scanning times, lower tracer dosages, and the potential
for delayed imaging beyond multiple tracer half -lives10.
By demonstrating the clinical utility of smaller panels,we
emphasize not only their standalone viability but also
their potential to be expanded into larger, more com-
prehensive systems, aligning with diverse clinical and
research requirements.

1.1 Limited angle PET

2-panel PET systems can be classified into the category
of limited angle PET. PET scanners with limited angu-
lar coverage generally generate distorted 3D images
with artifacts. However, with improved timing resolution
of PET detectors, the angular sampling requirement
to obtain distortion-free and artifact-free PET images
decreases11, 12.

1.2 TOF

In TOF PET, the high-precision measurement of the
difference in the arrival times of the two annihila-
tion photons aids in precisely localizing the emission
point along the line-of -response (LOR). This additional
information significantly assists in image reconstruction,
resulting in reduced noise correlations and an enhanced
image signal-to-noise ratio (SNR)13.Generally,TOF also
makes the reconstruction process more robust and less
susceptible to inconsistencies between emission data
and various corrections14. This is particularly relevant
for inconsistent normalization, lack of scatter correction,
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F IGURE 1 (a) A schematic view depicting imaging with 2-panel PET system. While the typical ring diameter of PET scanners is
approximately 80 cm, the panel detectors in a flexible system can be brought closer, such as 40 cm, thereby enhancing the sensitivity of the PET
system by improving the angular coverage. The figure also shows how the panels are constructed of modules and the size of the LSO crystals.
(b) Illustration showing the difference in assumed LOR for a panel detector with and without DOI information. The illustration uses 4-layer DOI
encoding to highlight the reduction in parallax error. DOI, depth of interaction; LOR, line-of -response; PET, Positron Emission Tomography.

and mismatched attenuation correction, which can
occur in PET/CT during respiratory motion.

Laboratory measurements using a pair of LSO:Ce:Ca
crystals coupled to Silicon Photomultipliers (SiPMs) and
high-frequency electronics reported a CTR of 58 ±
3 ps for 2 × 2 × 3 mm crystals and 98 ± 3 ps for
2 × 2 × 20 mm crystals8, whereas top-tier clinical scan-
ners achieve a CTR of approximately 200 ps15, 16, with
the latest Siemens clinical model, the Biograph Vision.X,
achieving a reported timing resolution of 178 ps17.

1.3 DOI

When a 511 keV photon enters the detector at an
oblique angle, the varying depth of photon absorption
in the scintillator introduces blurring in the spatial point
spread function. In clinical whole-body scanners fea-
turing a narrow axial field of view, DOI effects cause
minor radial blurring but become a limiting factor for
spatial resolution in smaller bore scanners, like preclin-
ical and dedicated organ scanners18, 19. Consequently,
the development of depth-encoding PET detectors in
recent years has primarily focused on the high spatial
resolution required for preclinical, dedicated breast, and
brain PET scanners, and there are currently no whole-
body PET scanners with DOI resolution resolution on
the market20, 21.

Among the most effective DOI-encoding strategies
is placing photodetectors at both the front and back
of the scintillator crystal array, known as the dual-
ended configuration, which yields DOI resolution as
good as 2 mm22, 23. Most DOI-encoding methods
lead to significant scintillation light loss, affecting both
energy and timing resolution24. However, dual-ended
DOI detectors stand out for their ability to main-
tain excellent timing resolution. Notably, CTR of 98 ±
1 ps FWHM has been demonstrated using 20 mm
long LYSO:Ce:Ca crystals in a dual-ended readout
configuration25.

2 MATERIALS AND METHODS

2.1 Simulations

This work explores the performance of a 2-panel PET
system through Monte Carlo (MC) simulations using
GATE software26 (version 8.2).The comprehensive sim-
ulations, totaling more than 100 000 core hours, were
executed on the super-computing network 1. The panel
detectors measured 30 × 30 cm, and the spacing
between them was adjustable, with a range of panel-
panel distances considered, focusing primarily on 40
cm and 80 cm. These detectors comprised LSO crys-
tals, each measuring 3 × 3 × 20 mm. The crystals were
organized into modules, each with a 16 × 16 crystal
arrangement. A panel detector was constructed using
a 6 × 6 arrangement of these modules (Figure 1a). A
small gap of 0.01 mm was introduced between the crys-
tals, while the gap between modules was set to 2 mm.
The readout was simulated at the module level: sig-
nals within each module were summed, and if the total
deposited energy was within the specified energy win-
dow (Table 1), the event was accepted. The position of
the interaction within the module was then determined
using an energy centroid approach (GATE TakeEnergy-
Centroid). For coincidence events, all valid coincidence
pairs were included (GATE takeAllGoods policy). Each
coincidence event was characterized by the timing of
the first gamma interaction in the first crystal and the first
gamma interaction in the second crystal.To simulate the
combined effects of optical transfer time spread, pho-
todetector performance (single-photon time resolution),
and readout electronics on the timing uncertainty, we
added a normally distributed random value to the inter-
action times. The width of this normal distribution was
adjusted to achieve the target CTR between detector
pairs for a point source at the center,based on 10 million
collected coincidence events.

1 https://en-vegadocs.vega.izum.si/general-spec/
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TABLE 1 Specifications of scanners used in the simulation.

2-panel system
Reference scanner
(SiemensBV-MC)

Scintillator LSO LSO

Crystal size 3 x 3 x 20 mm 3.2 x 3.2 x 20 mm

Geometry Panel: 30 x 30 cm Ring, diameter: 78 cm

Axial field of view 30 cm 26.3 cm

Energy resolution 10% 10%

Energy window 435 - 585 keV 435 - 585 keV

Coincidence time
resolution

200 ps, 70 ps 214 ps

Coincidence time
window

2 ns 4.7 ns

For performance comparison, we used the previously
constructed Siemens Biograph Vision model, which we
have evaluated and confirmed to have good agree-
ment with measured data in terms of noise equivalent
count rate (NECR), contrast recovery coefficient, and
background variability27. The simulated data from this
reference model are referred to as SiemensBV-MC
throughout the article. The energy resolution of the
panel detectors was set to 10%, matching that of the
reference scanner, and a 435–585 keV energy window
was used for all scanners. Table 1 outlines the basic
specifications of the simulated scanners.

We used emstandard_opt4 physics list from
Geant428, which uses accurate standard and low-
energy models of electro-magnetic interactions, making
it suitable for medical physics applications29. The
sources were simulated as back-to-back gamma
sources, with the FWHM of the non-collinearity set to
0.5◦. The intrinsic detector and acquisition dead times
were not taken into account. This can be justified by the
fact that the dead time of modern PET scanners is very
low compared to traditional PMT-based systems due to
minimal or no multiplexing. Therefore, any differences in
count rate performance,at least in the range of activities
used for clinical imaging, are primarily determined by
the system sensitivity30.

Panel detectors were evaluated with CTRs of 70
ps and 200 ps, while the reference scanner had a
CTR of 214 ps. All scanners shared an identical sig-
nal processing chain, and they differed only in their
DOI capability.

2.2 Image reconstruction

Only true coincidences were considered in the recon-
structions. This way, scatter and random event cor-
rection algorithms did not influence our initial perfor-
mance assessment. We applied the same reconstruc-
tion protocols for both the studied 2-panel systems
and the SiemensBV-MC using the open-source CAS-

ToR software31 (version 3.1) for iterative 3D TOF
MLEM reconstructions. The data from the simulations
was obtained in a list-mode format, and a distance-
driven projector, based on computations of the overlap
between a pair of detector elements and voxels, was
used in the reconstructions. The sensitivity image used
for image normalization was computed by CASToR. For
the sensitivity computation, a loop over the scanner
elements was performed, assuming uniform efficiency
and no compression, and a true attenuation image
containing attenuation coefficients was provided to
incorporate attenuation correction into the sensitivity
image calculation.

2.3 DOI implementation

The simulated panel detectors were assumed to incor-
porate DOI information, a feature practically achievable
through methods such as dual-ended readout systems,
as discussed in the introduction. Various levels of DOI
quality were considered, affecting the number of layers
into which the crystal was segmented. Higher DOI reso-
lution allows for more precise discrimination of gamma
photon interaction depths within the crystal20.The inves-
tigated designs comprised 2-layer, 4-layer, 8-layer, and
16-layer DOI configurations using 20 mm long crystals.
For example, with a 4-layer segmentation (Figure 1b)
of a 20 mm crystal–each layer being 5 mm thick–the
highest possible DOI resolution is 5 mm. In the simu-
lation, the crystal was segmented into an appropriate
number of layers, and the layer assigned in the coin-
cidence event was determined based on the position of
the gamma interaction. If multiple interactions occurred
within the detector, the position was obtained using an
energy-weighted centroid calculation.

2.4 Sensitivity

The sensitivity of the PET scanner at varying panel-
panel distances, specifically 80, 60, and 40 cm, was
systematically evaluated in the axial direction using a
point source. The source was incrementally moved in
discrete steps of 2 cm. At each position, ten million
back-to-back gamma emissions were simulated. The
sensitivity was then calculated as the ratio between the
true event rate and the source emission rate.

2.5 NECR

Following the NEMA NU 2-2018 standard 2,the phantom
used for this study consisted of a simulated line source

2 https://www.nema.org/standards/view/Performance-Measurements-of-
Positron-Emission-Tomographs

https://www.nema.org/standards/view/Performance-Measurements-of-Positron-Emission-Tomographs
https://www.nema.org/standards/view/Performance-Measurements-of-Positron-Emission-Tomographs
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of uniform activity inside the 70-cm long polyethylene
cylinder with a diameter of 20 cm.NECR was calculated
using the formula:

NECR = T2

T + S + R
(1)

Here,T ,S, and R represent the true,scatter,and random
coincidence count rates, respectively. The type of event
was accurately known from the simulation.

The performance of the 2-panel systems in terms of
NECR was evaluated at different panel distances rang-
ing from 25 to 80 cm in steps of 5 cm, using an activity
concentration of 5 kBq/mL. This activity level, which cor-
responds to 350 MBq for a 70 L volume, represents a
good approximation of a typical administered activity for
FDG PET imaging32.

2.6 Spatial resolution

Spatial resolution was evaluated by imaging a point
source positioned 1 cm above the center of the Field of
View (FOV), orthogonal to the panel detectors. As in the
sensitivity evaluation, ten million back-to-back gamma
emissions (with the FWHM of the non-collinearity set
to 0.5◦) were simulated, resulting in approximately one
million detected events. Subsequently, we conducted
image reconstruction using a matrix of voxels measur-
ing 0.5 × 0.5 × 0.5 mm. Spatial resolution, quantified
in both the x and y directions (with y being orthog-
onal to the panels), was determined as the FWHM
derived from a Gaussian fit applied to the collected
data.

To assess the variation in spatial resolution within
the FOV, we simulated a Derenzo phantom featuring
hot rods. This particular phantom comprised six sets
of rods with diameters measuring 5.0, 4.0, 3.5, 3.0, 2.5,
and 2.0 mm, with the inter-rod spacing being identical to
the rod diameter. Approximately 108 coincidences were
acquired for each scanner.

2.7 NEMA image quality

In all the following studies dealing with phantoms based
on human-like geometry, the distance between panels
was set to 40 cm (Figure 6a). The thorax-shaped phan-
tom with hot spheres from the NEMA standard was
used to determine percent contrast and percent back-
ground variability. The background activity was set to
5.3 kBq/cm3 (0.14 𝜇Ci/cm3), and the ratio between the
hot spheres and the background was 4:1. True sphere
masks served as regions of interest (ROIs) for contrast
recovery calculations, with corrections made to account
for the partial volume effects (referred to as partial pixel
effects in the case of 2D slice analysis, according to

the NEMA standard). This was achieved by expanding
the matrix of the reconstructed image by a factor of
ten and including only voxels whose centers fell within
the ROI.

The phantom was positioned in the center of the scan-
ner, and 4-min scans were simulated. The acquired data
were reconstructed into an image with dimensions of
225 × 225 × 225, using 1.6 × 1.6 × 1.6 mm voxels.
For the design with a 200 ps FWHM CTR, 40 MLEM
iterations were used. In contrast, for the 70 ps FWHM
CTR, 20 MLEM iterations were used due to faster
convergence.To estimate the variance of contrast recov-
ery coefficients and percent background variability, 10
independent 4-min scans were simulated and analyzed.

2.8 Application example – brain
imaging

The study utilized the publicly available high-resolution
[18F]FDG brain phantom33 to explore the relationship
between sensitivity and spatial resolution and to eval-
uate image reconstruction methods within a realistic
context. The employed phantom had a high resolu-
tion (400 µm voxel size), featured heterogeneity, and
simulated the radiotracer uptake across distinct brain
regions.The panels were placed at the side of the head.
The mean uptake in the brain was set to SUVmean = 5,
informed by Al-Nabhani et al.34, and the simulated scan
time was 8 min. The dimensions of the reconstructed
image were 175 × 175 × 175,while the other reconstruc-
tion parameters remained the same as those used in the
NEMA image quality study.

2.9 Exploring LAFOV imaging

To assess the potential and scalability of LAFOV imag-
ing, the size of two-panel detectors was expanded to
120 x 60 cm (Figure 2a). Each large panel is equiva-
lent to four small panels in the axial direction and two
in the trans-axial direction. The sensitivity and NECR at
the center were initially assessed, employing methods
previously utilized for small panels. For image qual-
ity evaluation, a highly detailed four-dimensional (4D)
eXtended CArdiac-Torso (XCAT) phantom35 was used.
The default male voxelized model, cropped at the thighs
to approximate a total length of 1 m, was used to
ensure complete coverage within the LAFOV scanner
(Figure 2a).

The phantom was composed of a 330 × 200 × 90
matrix with 3 × 3 × 3 mm voxels. The attenuation image,
utilized for attenuation correction during image recon-
struction, is shown in Figure 2b, and the material map
incorporating 18 different materials defined by density
and elemental composition is shown in Figure 2c. The
activity ratios between the organs and tissues were set
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F IGURE 2 (a) Visualization of the GATE simulation using a 1 m long XCAT phantom within a 120 cm long panel system. (b) Attenuation
image (cm−1) used for computing the attenuation correction factors. (c) The map of 18 different materials defined in the GATE simulation.

according to the paper by Zincirkeser et al., 200736, and
following the NEMA standard, the activity of the back-
ground (tissues with a standardized uptake value of
one) was set to 5.3 kBq/cm3, resulting in a total inserted
activity of approximately 370 MBq (10 mCi).

To evaluate image quality, three nonvoxelized, low-
contrast spherical lesions, each 8 mm in diameter, were
simulated within the homogeneous regions of the liver,
pelvis, and brain areas of the phantom and combined
with data from simulations without lesions. The activ-
ity of the lesions was set at a 2:1 ratio relative to their
background. This setup was designed as an example of
a challenging lesion detectability task, particularly for a
200 ps system,rather than as a systematic evaluation of
lesion detectability across different sizes and contrasts.
The contrast-to-noise ratio (CNR), serving as a surro-
gate for lesion detectability, was adopted as the metric
for image quality37.Simulations were conducted to com-
pare two large panel designs: one system with no-DOI
and a 200 ps FWHM CTR, and another with an 8-layer
DOI and a 70 ps FWHM CTR, utilizing 4 min scans.
The 8-layer DOI selection was based on results from the
spatial resolution study, which showed no significant dif-
ference between the 8-layer DOI and the 16-layer DOI.
Additionally, the 8-layer DOI would be easier to achieve
and implement in a practical system.

Coincidences were accepted if the maximum axial dif-
ference between detected singles events was less than
60 cm (half the panel), corresponding to a maximum
acceptance angle of 56.3◦.The choice for this maximum
axial difference was informed by our study on evaluating
axial acceptance effects on scatter fraction and NECR,
as discussed in the Appendix A. This acceptance cri-
terion aligns with uEXPLORER data acquisition, where
each PET unit can form coincidence events with unit dif-
ferences up to ±4, for a maximum acceptance angle of
57◦38.

3 RESULTS

3.1 Sensitivity

Figure 3a shows the axial sensitivity of both the ref-
erence detector and the 2-panel detector at three
panel-panel distances:80,60,and 40 cm.The sensitivity
follows a linear trend with axial position and falls to zero
as the axial position reaches ±15 cm, corresponding
to the panel’s edge. Notably, bringing the panels closer
together from 80 to 40 cm yields a significant gain in
sensitivity,surpassing a threefold increase.Furthermore,
it is noteworthy that the sensitivity achieved with the
panels at 40 cm surpasses that of the reference scan-
ner, illustrating the substantial sensitivity improvements
achieved by minimizing the panel-panel separation
distance.

3.2 NECR

The study of NECR covered panel-panel distances
ranging from 25 to 80 cm. NECR was not modi-
fied with TOF gain to evaluate the system based
only on the count rate performance. As depicted
in Figure 3b, a near-quadratic increase in NECR
is observed with reduced panel-panel distance.
Notably, the count rate comparable to that of the
reference scanner is achieved at approximately
50 cm.

3.3 Spatial resolution

The scanner’s resolution was evaluated using two
methods: a point source located near the center and
a Derenzo phantom featuring six sets of hot rods with
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(a) (b)

F IGURE 3 (a) Sensitivity in the axial direction for different panel-panel distances. The axial sensitivity of the MC simulated Siemens
Biograph Vision is added for reference. (b) NECR dependence of the 2-panel system on the panel-panel distance at an activity concentration of
5 kBq/mL. MC, Monte Carlo; NECR, noise equivalent count rate.

F IGURE 4 (a) Resolution in the y-direction (the direction orthogonal to the panels) versus MLEM iterations with varying CTR, DOI
resolution, and panel distances. (b) Reconstructed point source images for different panel designs, shown at 40 MLEM iterations. The spatial
resolution (FWHM) in the x and y directions, along with the distance between panels, is noted at the bottom of each image. CTR, coincidence
time resolution; DOI, depth of interaction.

diameters ranging from 2 to 5 mm. In Figure 4, both
the point source images and the y-resolution variation
across MLEM iterations are displayed. The images
are shown at 40 iterations, which was determined to
be close to the convergence point. The elongation of
the point source in the direction perpendicular to the
panels is clearly visible in the no-DOI design. However,
this elongation can be effectively mitigated by incorpo-
rating DOI, as the spatial resolution in the y-direction
improves from 7.9 to 1.6 mm (Figure 4b). There is
a non-significant difference in the spatial resolution
between the 8-layer and 16-layer DOI designs. The
spatial resolution in the x-direction is largely unaffected
by DOI resolution variations in this configuration; how-
ever, it improves from 1.6 to 1.1 mm as the panel-panel
distance is reduced from 80 to 40 cm.Similarly, in the 16-

layer DOI design, the y-resolution improves from 2.5 to
1.6 mm as the panels are brought closer, from 80 to
40 cm.

Assessing spatial resolution at a singular position
within the FOV usually does not fully represent the
system’s performance at other locations. Therefore,
we used a Derenzo phantom to qualitatively evaluate
spatial resolution variation across different positions
(Figure 5a). Consistent with prior studies, improved
timing resolution leads to better spatial resolution, par-
ticularly further from the center. As demonstrated in the
point source resolution study, utilizing the DOI mitigates
parallax error, enabling spatial resolution better than 2.5
mm–that of the reference scanner. This is supported
by the line profiles across the reconstructed images
(Figure 5b).
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F IGURE 5 (a) Transverse views of the reconstructed images of the Derenzo phantom, where different TOF and DOI are considered. The
two panels were placed at the top and bottom. (b) A line profile through the reconstructed Derenzo phantom images, going through the 2.5 and
4 mm diameter rods, with a cross-section of a single voxel, obtained for different detector designs. DOI, depth of interaction; TOF, time-of-flight.

F IGURE 6 (a) A schematic representation of the NEMA image quality phantom positioned within a 2-panel PET system, where the panels
are set 40 cm apart. (b) Transverse views of the reconstructed images of the NEMA image quality phantom. PET, Positron Emission Tomography.

3.4 NEMA image quality

We conducted image reconstructions of the NEMA
phantom and subsequently compared the results
obtained from panel detectors with varying DOI and
TOF capabilities. In Figure 6b, transverse images of
the reconstructed phantom are showcased, highlight-
ing the differences in image quality across scanners
with distinct performance characteristics. There is a
noticeable improvement in image quality as the CTR
improves, with further enhancements achieved through
the incorporation of DOI information.

To quantitatively assess these improvements,Figure 7
illustrates the relationships between percent contrast
and background variability for two hot spheres –
13 mm and 28 mm. These relationships were deter-
mined through the analysis of a series of images
that underwent Gaussian post-filtering with differing
filter widths.

3.5 Application example – brain
imaging

Figure 8 displays reconstructed images of the simulated
brain phantom, presenting a realistic context demon-
strating how reduced radial elongations, attributed to
DOI and TOF information, enhance the level of detail
in the reconstructed images. Given the placement of
the panels at the sides of the head, these improve-
ments are particularly noticeable in the transverse and
coronal slices.

3.6 Exploring LAFOV imaging

Table 2 shows a table comparing sensitivity, NECR,
scatter fraction (SF) and the volume of the crystals,
which is a major component of the scanner cost and
can be used as a surrogate for the overall scanner
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F IGURE 7 Percent contrast versus background variability for a 13 mm and 28 mm diameter hot sphere. Gaussian post-filters with different
widths were used to vary the background variability.

F IGURE 8 Transverse, sagittal, and coronal views of the reconstructed brain images. The first column displays the true activity distribution,
which was the input into the MC Simulation. The 8-min simulation yielded 275M true events for the panel scanners and 268M for the
SiemensBV. No filtering was applied to the images. MC, Monte Carlo.

TABLE 2 Comparison of sensitivity, NECR, SF, and crystal volume for various designs with a panel-panel distance of 40 cm.

System Sensitivity NECR @ 5 kBq/mL (kcps) SF (%) Relative crystal volume

SiemensBV-MC 0.085 135 32.5 1

2panels-30x30cm 0.102 171 33.9 0.26

2panels-120x60cm 0.299 1640 34.1 2.1

Abbreviations: NECR, noise equivalent count rate; SF, scatter fraction.

cost. Large panels have approximately 3.5 times higher
sensitivity and about 12 times higher NECR compared
to the reference scanner while using 2.1 times as
much detector material. Figure 9 shows the recon-
structed images using an XCAT phantom with inserted
hot lesions. The reference scanner is compared also
at an equivalent number of true counts, which were
obtained in approximately 7 times longer acquisition
(28 min). The reconstructed images with large panels

using DOI and improved timing show less noise and
sharper resolution. In contrast, blurring is observed
in the direction perpendicular to the panels in the
200 ps CTR, no-DOI design. This is reflected in the
CNR of the inserted lesions (Figure 9). Based on the
CNR, the large panel design with 70 ps CTR + DOI
demonstrates better lesion detectability compared to
the 200 ps CTR, no-DOI design, and the reference
scanner.
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F IGURE 9 Comparison of the reconstructed images of an XCAT phantom with three hot lesions, each 8 mm in diameter, inserted to
evaluate their detectability. The acquisition time for the large panels was 4 min (1.74G true events), while the reference scanner images are
shown for both the same acquisition time (0.25G events) and for an equivalent count acquisition (28 min). A 5 mm FWHM Gaussian filter was
applied to all images.

4 DISCUSSION

In this study, we evaluated a 2-panel system employ-
ing standard-sized LSO crystals with different levels
of TOF and DOI capabilities. We also focused on the
impact of the panel-panel distance on sensitivity and
spatial resolution. The expected increase in sensitiv-
ity due to reduced panel-panel distance, resulting from
improved angular coverage, aligns with expectations
(Figure 3).One of the primary concerns with this uncon-
ventional system is spatial resolution and the potential
for artifacts. While resolution in the plane parallel to the
panels is mainly determined by the crystal face size39,
resolution perpendicular to the panels is significantly
influenced by limited angular coverage and parallax
error.Although TOF information can compensate for lim-
ited angular coverage, it does not address parallax error,
which becomes more significant when panels are closer
together (Figure 4).

DOI information can effectively mitigate parallax error,
and we observed that the performance of scanners with
a DOI resolution of 2.5 mm, corresponding to 8-layer
segmentation of the 20 mm long crystal, is essen-
tially the same as that of the 16-layer segmentation
(Figures 4, 5, and 6b). This observation indicates that,
beyond a certain DOI resolution, other factors deter-
mining the system’s spatial resolution (such as the
size of discrete detector elements, blurring due to non-

collinearity, positron range, block decoding error, and
image reconstruction parameters) begin to dominate.
Consequently, even though DOI can theoretically be
determined continuously (as with dual-ended readout),
the practical gain in spatial resolution is limited com-
pared to discretizing it into a few layers. Discretization
also offers benefits in terms of data storage, data trans-
fer rates, and computational efficiency during image
reconstruction, as it reduces the complexity of the sys-
tem matrix and the amount of information that needs to
be processed and stored.

The spatial resolution of the point sources was eval-
uated at 40 MLEM iterations, which was estimated
to be close to convergence. Further iterations were
avoided, as it is known that the non-negativity con-
straint of the MLEM algorithm can artificially enhance
the apparent spatial resolution,especially when sources
are not embedded in a background with suitable relative
activity40.

In the simulations, photon noncollinearity was
included, but the positron range was not. For 18F in
soft tissue, the positron range introduces an effective
blurring of approximately 0.5 mm FWHM41. When
combined in quadrature with the system’s spatial res-
olution, this results in only a minor degradation, up
to 0.1 mm for systems with resolutions above 1 mm
(
√

12 + 0.52 mm = 1.1 mm). However, for isotopes like
68Ga, which emit positrons with higher energy, or in less
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dense regions like lung tissue where positrons have
longer effective ranges, the impact of positron range on
spatial resolution could be more significant.

The contribution of photon non-collinearity to the sys-
tem spatial resolution can be parameterized by the
empirical formula 41:

R180◦ = 0.0022D (2)

where D is the ring diameter of the PET system. For
a typical whole-body PET system with D = 80 cm, this
effect is approximately 1.8 mm. By contrast, for smaller
diameters or, in the case of a panel-based system with
panel spacing of 40 cm, the contribution is around
0.9 mm. This explains the improved resolution in the x-
direction for panel-based designs when the panels are
brought closer together (Figure 4), highlighting one of
the advantages of a flexible PET system.

Blurring effects, including positron range, can be par-
tially mitigated by incorporating point spread function
(PSF) modeling into the reconstruction process. How-
ever, PSF modeling was not included in this study to
ensure that any observed artifacts could be clearly
attributed to limited angular sampling. The development
of spatially varying and asymmetric PSF kernels is a
promising topic for future studies.

As discussed in the introduction, a DOI resolution of
around 2 mm has already been achieved with dual-
ended readout. However, achieving a CTR of 70 ps with
20 mm long crystals has yet to be demonstrated. By
using the next generation of fast and efficient SiPM
photodetectors9, and by also using DOI information
to correct the time estimate of the interaction for the
position-of -interaction bias,we believe the 70 ps FWHM
CTR is achievable with 20 mm long LSO crystals.
However, if detector performance (e.g., CTR) is lower
than anticipated, the targeted image quality can still be
achieved by using larger panels, which would provide
greater sensitivity and enhanced angular sampling. The
panel size of 30 × 30 cm was chosen arbitrarily, with
the aim of imaging organs such as the brain, prostate,
and heart. Optimal panel size may vary depending on
the clinical task and can be easily adapted, especially if
smaller modules, such as 5 × 5 cm units, are used as
versatile building blocks.

Additionally, it should be noted that this excellent
CTR with DOI information could also potentially be
achieved by other detector designs, such as detec-
tors with lateral side-readout42 or by using a multi-layer
configuration with shorter crystals43, 44. Detectors using
monolithic and semi-monolithic crystals can achieve
excellent DOI resolution, and, when combined with
decent TOF information45, 46, are also relevant candi-
dates for high-performance panel PET scanners.

The energy resolution of the panel detectors with
DOI was assumed to be the same as those with-

out DOI, at 10%. Detectors with dual-ended readout
have been demonstrated to achieve such resolutions47.
Theoretically, given the higher light collection efficiency
of dual-ended readout, even greater energy resolution
might be achieved using such detectors, which would
reduce the scatter fraction and consequently improve
the NECR.

With sufficient angular sampling, TOF–at least within
the studied range–has little impact on spatial resolu-
tion. For instance, the 200ps-DOI-16layers configuration
achieves nearly the same spatial resolution as the 70ps-
DOI-16layers configuration for a point source near the
center when the distance between the panels is 40 cm.
In contrast, TOF plays a more significant role in recov-
ering spatial resolution when panels are placed further
apart as angular sampling is reduced (Figure 4). For the
same reason, it also becomes more important as we
move towards the edges of the panels (Figure 5).There-
fore, both TOF and DOI are essential for achieving the
highest possible spatial resolution within the field of view
of limited-angle PET scanners.

Among the configurations evaluated, the 70ps-DOI-
16layers design achieves the best resolution. Single-
point-source measurements (Figure 4) show that both
x and y resolutions are below 2 mm near the cen-
ter. However, while the 2 mm rods are distinguishable
near the center in the Derenzo phantom study, they
become progressively harder to distinguish–and even-
tually indistinguishable–toward the edges (Figure 5).

In addition to improving spatial resolution, TOF also
enhances the SNR, as reflected in the percent con-
trast versus background variability curves (Figure 7).
The benefits of combining TOF and DOI are also
demonstrated in the brain imaging example (Figure 8).

An important observation from this study is that a
two-panel system with a 70 ps FWHM CTR and DOI
information can produce images comparable to, if not
superior to, top-tier clinical scanners (Figures 6b, and 7)
while utilizing four times less detector material (Table 2).
This approach offers dual perspectives: maintaining
image quality while reducing cost, or improving quality
at the same price.

However, achieving DOI capabilities comes with addi-
tional trade-offs. DOI achieved with dual-ended readout
effectively doubles the number of photodetectors, such
as SiPMs, and the associated electronic channels
required. This increase demands more advanced data
acquisition electronics capable of handling the higher
number of channels and data rates, introducing addi-
tional cost.While these costs offset some of the material
savings offered by panel detectors, the overall system
cost may still be lower. Assuming the cost of SiPMs
and electronics is roughly equal to that of the scintillator
material48, doubling the cost of SiPMs and electronics
while reducing the scintillator cost by a factor of four
should still result in a more cost-effective overall system.
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Extending axial coverage in a cost-effective man-
ner is another promising advantage of panel detectors.
Comparing the large panels with the SiemensBV-
MC, the NECR is increased by about a factor of
12, while the amount of crystal material used in the
detectors is approximately doubled. The increased sen-
sitivity can be utilized to reduce either the dose or
the acquisition time. For instance, in the XCAT study,
the acquisition time for the SiemensBV-MC scan-
ner was approximately 7 times longer to obtain an
equivalent number of true counts across multiple bed
positions.

The benefits seen with smaller panels – like improved
CTR and DOI data, leading to enhanced spatial resolu-
tion and reduced background noise – are also observed
in larger panels, as indicated by the CNR of the lesions
(Figure 9). Our results with larger panels indicate that
these detectors are scalable and not only capable
of producing images without distortions or artifacts
but can also detect small, low-contrast lesions with
high accuracy.

The reconstructed images in this study are based
solely on true coincidences. As a result, the recon-
structed images are ‘ideal’ in the sense that they are
free from the noise introduced by correction algorithms.
However, the results still allow for a relative perfor-
mance comparison because, for panel-based scanners,
the behavior of the detectors and signal process-
ing chain was modeled after the Siemens Biograph
Vision. This modeling includes key parameters such
as crystal length, readout, coincidence sorting, energy
resolution, and the energy window. As a result, scat-
ter fractions among the compared scanners are very
similar, as shown in Table 2, even for the large-panel
design. The influence of scatter and random correc-
tions on image quality for large panels was assessed
in the Appendix B. The results show that the CNR of
the lesions is reduced due to increased noise. How-
ever, both panel detectors and the SiemensBV-MC
scanner are affected in a similar manner. Assuming
the correction is properly implemented–introducing only
noise but no bias–images with equivalent noise lev-
els to those reconstructed from only true coincidences
could be achieved in approximately T/NECR longer scan
time, which for large panels results in about a factor
of 1.9.

Panel detectors also enable the construction of
mobile systems. We are currently developing a proto-
type to experimentally verify the predicted performance
from simulations. One consideration is that the mobile
system will be CT-less, which raises the issue of
attenuation and scatter correction. While a CT image
can be obtained from a separate scan, this may not
always be practical or desirable. A promising feature
of TOF PET is that it enables joint reconstruction of
activity and attenuation, even when CT-based atten-
uation images are subject to misalignment or are

unavailable49. Improved TOF capabilities can further
enhance this joint reconstruction process50. Another
possibility is the use of deep learning-based CT-less
attenuation and scatter correction, where a CT image
or a fully corrected PET image is estimated directly
from non-corrected PET data51–53. Optimal reconstruc-
tion with panel detectors remains an area of ongoing
research.

5 CONCLUSION

This study demonstrates that a relatively compact 2-
panel system can achieve image quality comparable to
clinical scanners, free of distortions or artifacts. While
TOF is crucial to compensate for limited angular sam-
pling, DOI adds an extra dimension to improving image
quality by mitigating parallax error and enhancing spatial
resolution beyond that of commercially available whole-
body PET scanners. Although state-of -the-art timing
resolution of 58 ps was demonstrated with short 3 mm
LSO crystals,we anticipate achieving the targeted 70 ps
FWHM CTR using standard-length crystals with dual-
ended readout, which also offers convenient access to
DOI information. Such detectors facilitate novel scanner
geometries for clinical use, exemplified by the 2-panel
system in this study. Moreover, the possibility of an open
geometry–where module placement is not constrained
to a ring and allows for incomplete sampling–enables
for novel combinations with other imaging modalities,
such as MRI, paving the way for integrated and com-
prehensive diagnostic approaches. The panel detector
design’s notable advantage lies in its flexibility and mod-
ularity, allowing the assembly of cost-effective LAFOV
scanners by combining multiple panels. This flexibility,
combined with mobility, opens new application avenues,
such as imaging in sitting or standing positions,enabling
higher comfort during scans and improving accessibil-
ity for patients with mobility issues. Additionally, its open
geometry provides access to the patient, which is par-
ticularly useful for biopsy or particle therapy, as well
as imaging in the Intensive Care Units (ICUs). Future
work will focus on building and testing the proposed
panel scanners, as well as optimizing the reconstruction
algorithm for panel detectors. This includes implement-
ing panel-specific PSF modeling and exploring CT-less
attenuation and scatter correction methods.
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APPENDIX A: EVALUATION OF THE
AXIAL ACCEPTANCE EFFECTS ON
SCATTER FRACTION AND NECR IN
LARGE-PANEL CONFIGURATIONS
Figure A1 shows the impact of NECR and SF on axial
acceptance in the large-panel configuration. NECR and
SF are evaluated at maximum axial acceptance differ-
ences of 10, 20, 40, 60, and 120 cm, corresponding
to maximum acceptance angles of 14.0◦, 26.6◦, 45◦,
56.3◦, and 71.6◦, respectively. The scatter fraction does
not vary significantly with increasing axial acceptance,
as both true and scatter events scale approximately
in the same manner. In contrast, NECR increases and
reaches a plateau at about half a panel (60 cm),beyond
which random events begin to heavily dominate the
detected coincidences. This effect is further influenced
by our coincidence sorting policy, which considers all
good coincidences.

F IGURE A1 NECR and scatter fraction as a function of the
maximum axial difference used to accept coincidences. If no axial
filtering is applied, the maximum axial difference corresponds to the
full length of the large panel (120 cm). NECR, noise equivalent count
rate.

APPENDIX B: ASSESSING THE
INFLUENCE OF SCATTER AND RANDOM
CORRECTI ONS ON I MAGE QUALI TY
The method used to assess the impact of scatter and
random correction on image quality is based on the
assumption that the MLEM reconstruction method is lin-
ear, allowing different types of coincidences (T: trues, S:
scatters,R: randoms) to be reconstructed independently.
Although MLEM is generally not a linear algorithm, it
exhibits near-linear behavior during the first few tens of
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F IGURE B1 Reconstructed images using only trues (T), only scatter and randoms (SR), and all coincidences combined (TSR). The T+SR
image is obtained by separately reconstructing the T and SR images and then adding them.

F IGURE B2 (a) Difference image between TSR and T+SR reconstructions for the 2panels_120x60cm_70ps_DOI design. Note that the
color bar scale is 100 times smaller than that in Figure B2, indicating that the maximum voxel-level differences are on the order of 1%. (b) Profile
through the center of the phantom along the longitudinal axis, comparing TSR, T+SR, and the difference image (TSR – T – SR).

iterations. Previous work conducted on a Siemens Bio-
graph Vision–type scanner geometry demonstrated that
this assumption introduces less than 1% error in per-
cent contrast measurements of the NEMA image quality
phantom27. A similar method, with image-domain inter-
polation,was implemented for the TOF helmet-type PET,
showing improved image contrast compared with the
conventional projection-domain method54.

Here,we test and apply this method to the large-panel
configuration. Figure B1 shows reconstructed images
from different types of coincidences, and Figure B2
shows the difference between reconstructing all coin-
cidences together (TSR) versus reconstructing trues
(T) and scatter+randoms (SR) separately and then
adding them. The difference maps and profiles indi-

cate good agreement. Although voxel-level differences
can reach up to 1%, no clear bias is observed, and
at the volume-of-interest level these differences are
even smaller.

Under the linearity assumption, the scatter- and
random-corrected image was obtained by subtracting
the SR-only reconstruction from the TSR reconstruction.
The SR-only reconstruction was derived from a sepa-
rate MC simulation. Figure B3 shows the scatter- and
random-corrected reconstructed images of the XCAT
phantom with inserted hot lesions. A comparison with
Figure 9 (where only true coincidences are used) shows
an expected decrease in the lesion CNR, as the SR cor-
rection method introduces additional noise.This effect is
also apparent in the lesion profiles shown in Figure B4.
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F IGURE B3 Reconstructed XCAT phantom images with scatter and random corrections applied, corresponding to the images in Figure 9
where only true coincidences were used.

F IGURE B4 Profiles through the brain and liver lesions (indicated in the inset image) for reconstructions using only true coincidences, and
for those corrected for scatter and random coincidences.
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