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ABSTRACT

Introduction: This study proposes various designs of partial-ring geometry total-body positron
emission tomography (PET) scanners which maintain an extended axial field of view (AFOV)
while remaining cost-effective, without sacrificing image quality.

Methods: The total-body uEXPLORER PET scanner was simulated using the GATE Monte Carlo
code. Partial-ring PET configurations were simulated, reducing the number of detectors by 25%
in both the transaxial and axial directions. The sensitivity, noise equivalent count rate (NECR),
and image quality of the partial-ring configurations were compared to those of the full-ring
configuration.

Results: The system sensitivity of partial-ring designs was 0.61 and 0.77 times that of the full-ring
detector PET for detector reduction in the axial and transaxial directions, respectively. Notably,
despite the higher sensitivity, the 10 mm sphere could not be detected in the transaxial reduction



mode. When considering all spheres except the 10 mm one, the mean relative error of contrast
recovery (CR) for the same time duration was 2% for detector reduction in the axial direction,
whereas it increased to 9% for reduction in the transaxial direction.

Conclusion: The results show that reducing the number of detectors in total-body PET scanners
can significantly lower manufacturing costs associated with long AFOV PET systems. Although
the reduced detector configuration resulted in lower sensitivity, the image quality of the NEMA
phantom was found to be superior in the axial reduction mode compared to the transaxial reduction
mode. Additionally, the image quality exhibited only a slight difference from that of the full-ring
scanner.
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INTRODUCTION

In recent years, Positron Emission Tomography (PET) has gained prominence as a gold-standard
diagnostic method with diverse applications in oncology, neurology, cardiology, endocrinology,
and drug delivery [1-3]. However, current clinical PET scanners typically have a limited axial field
of view (AFOV) ranging from 15 to 26 cm [4]. This small AFOV imposes several limitations on
imaging capabilities. Firstly, the scanner's sensitivity is compromised, resulting in a lower signal-
to-noise ratio (SNR) [5]. Additionally, imaging the entire body simultaneously becomes a
challenge, particularly in dynamic imaging scenarios [6]. The use of multi-bed dynamic imaging
further prolongs scanning time, leading to patient fatigue, motion artifacts, and reduced
radiopharmaceutical activity [7]. Consequently, the development of PET scanners with an
extended AFOV holds promise in addressing these issues. The utilization of total-body PET
scanners offers several benefits including increased scanner sensitivity, reduced scan time, lower
injected patient dose, and improved imaging capabilities for children and pregnant women [8].
Furthermore, total-body PET enables dynamic imaging with a single bed position, providing added
advantages [8]. Recognizing these benefits, researchers and designers have focused on developing
total-body PET scanners or PETs with a longer axial field of view (AFOV) compared to
conventional scanners [9, 10]. Notably, the EXPLORER consortium has successfully constructed
two long AFOV PET models. Among them, PennPET, designed and built by researchers at the
University of Pennsylvania, features an impressive AFOV of 70 cm. This model employs
3.86x3.86x19 mm3 LYSO detectors and is based on Philips technology [11]. The study utilizes
the 194 cm long UEXPLORER PET, which was designed and constructed at the University of
California [12]. However, despite the numerous advantages associated with total-body PET
scanners, they also pose several challenges. One of the primary challenges hindering the
widespread adoption of total-body PET scanners is their high cost, with the detector modules being
the most expensive component. Nevertheless, several cost-effective conceptual designs have been
proposed to reduce overall costs. These include techniques such as reducing the scintillator
thickness [13], employing lower-cost scintillators such as BGO or plastic scintillators [14], and
utilizing sparse detector configurations [15, 16]. In this context, several studies have evaluated
different sparse detector configurations. For instance, Yamaya et al. [17] simulated an 'open PET"
configuration comprising two separated HR+ scanners with an AFOV of W=154 mm and a
variable gap between them. They reported that when the gap exceeded W, artifacts were observed
on both sides of the open space. Zhang et al. [18] investigated the effect of SiPM detector reduction
in the Philips Vereos PET scanner. They showed that by removing 50% of the detectors in the



transaxial and axial directions, the sensitivity reduced to 1/4th but didn’t have a significant impact
on semi-quantitative analysis using conventional image-derived metrics.

Therefore, there is a growing demand for long axial field of view (AFOV) scanners that are cost-
effective. In this study, our objective is to simulate the uUEXPLORER total-body PET scanner and
explore the feasibility of removing a limited number of detector modules to achieve a cost-effective
total-body PET scanner. We employ Monte Carlo simulation using GATE to assess the physical
performance of the partial detector PET models, by removing the detectors in axial and transaxial
directions, based on NEMA NU 2-2018 (National Electric Manufacturers Association 2018)
standards. A comparison will be made with the full-ring scanner, and subsequently, the under-
sampled emission data will be reconstructed using dedicated algorithms to compensate for the
impact of removing certain detector modules.

METHODS

Total-body PET specifications

The PET scanner used in this study is simulated based on the specifications of the UEXPLORER
total-body PET scanner. It has a ring diameter of 78.6 cm and an axial field of view (AFOV) of
194 cm. The axial direction consists of 8 units, each with a length of 24 cm and a spacing of 2.6
mm. In each unit, there are 14 blocks in the axial direction and 5 blocks in the trans-axial direction.
Within each block, there are 6 crystals in the axial direction and 7 crystals in the trans-axial
direction. The crystals used in this scanner are LY SO crystals with dimensions of 2.76x2.76x18.1
mma3. The time coincidence window ranges from 4.5 ns to 6.9 ns, depending on the maximum unit
difference. The energy resolution is 11.7%, and the time resolution is 500 ps [12, 19, 20]. Figure
1 illustrates the simulated total-body PET scanner.

In the previous study [21], the uEXPLORER PET scanner was simulated and validated.

Partial-ring total-body PET simulation

In this study, we conducted simulations for two partial configurations, both involving a
proportional reduction in the number of detectors in both the transaxial and axial directions. In the
first configuration, we removed two module rings, corresponding to a 25% reduction in the total
number of detectors, while maintaining the same axial field of view (AFOV). The second
configuration involved the removal of six rows of modules (rsectors) in the transaxial direction.
For each configuration, we calculated the system sensitivity, noise equivalent count rate (NECR),
and signal-to-noise ratio (SNR) of the image quality phantom. These results were then compared
with those obtained from the equivalent full-ring PET scanner, as well as between the two partial
configurations.

The simulation of the NEMA image quality phantom was performed with an acquisition time of
120 seconds for each configuration. In a separate evaluation, we extended the simulation time by
50% for the first partial configuration, which involved reducing the number of detector rings in
the axial direction. Figure 2 illustrates the two partial total-body configurations, both featuring a
25% reduction in detectors in the axial and transaxial directions.

Calculation of NEMA parameters

Sensitivity calculation: To calculate the sensitivity, a polyethylene phantom without an aluminum
layer was modeled, following the approach outlined by Spencer et al. [19]. The phantom had a
length of 1700 mm and a thickness of 2 mm. The sensitivity was specifically calculated at the



center of the field of view (FOV) since this study focuses on comparing the sensitivity between
partial-ring scanners and full-ring systems.

Count rates calculations: To assess the count-rate performance, we conducted simulations using
an extended phantom that closely resembled the phantom recommended by NEMA. The extended
phantom consisted of a 1750-mm long polyethylene cylinder with a diameter of 200 mm. Inside
the cylinder, a line source with a length of 1750 mm was positioned within a tube measuring 1750
mm in length and 3.2 mm in diameter. The line source was placed at a radial distance of 45 mm
from the center. We calculated the true, scatter, and random rates for the simulated setup.
Additionally, we computed the noise equivalent count rate (NECR) using the following equation:

TZ
T+S+kR (1)

NECR =

Where T, R, and S are the true, random, and scatter coincidences, respectively. The k can be either
1 if the NEC is estimated using a low variance or 2 if delay events are used.
Image quality phantom evaluation: To assess the image quality of total-body PET, we simulated
a phantom resembling the NEMA IEC phantom. The simulation involved creating a cylindrical
background with a radius of 12.72 cm and a height of 21.4 cm, matching the volume of the IEC
phantom. Additionally, we simulated seven spheres within the phantom, each with internal
diameters of 10, 13, 17, 22, 28, and 37 mm. These spheres had a glass thickness of 1 mm. The
phantom was positioned at the center of the axial field of view (FOV). Both the spheres and the
background were filled with F-18, with the background concentration set at 5.1 kBg/cc. The
sphere-to-background concentration ratio (SBR) was maintained at 3.7:1. For the simulation
acquisition, a total time of 120 seconds was used. The list mode data obtained from the simulation
were reconstructed using the OSEM algorithm. The reconstruction parameters included 4
iterations, 20 subsets, and a voxel size of 2.34x2.34x2.34 mm. Furthermore, attenuation, random,
and scatter corrections were applied during the reconstruction process.
Contrast recovery (CR) and signal-to-noise ratio (SNR) were calculated for each sphere as follows
[16, 22]:
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Where Csi is the mean number of counts per sphere, which was measured inside the region of
interest (ROI) at the center of each sphere. MeanBKj; is the average of all background ROI counts
for sphere i with the same diameter as sphere i. 6BKs; is the average of all background ROI counts
and standard deviation for sphere i having diameters of sphere i, respectively. Finally, SBR is the
sphere-to-background concentration ratio (3.7:1).

Computing and reconstruction

To perform the simulation and data acquisition, we employed GATE_v9.0 on a cluster. The
resulting data and images were analyzed using the ROOT output. For data post-processing, a C++
program was utilized.



Regarding image reconstruction, we employed the Customizable and Advanced Software for
Tomographic Reconstruction (CASToR) open-source software [23]. This software provided the
necessary tools for reconstructing the images.

RESULTS

In a previous study [21] the sensitivity and NECR parameters of the simulated total-body PET
were calculated and compared with experimental results reported by Spencer et al. [19]. The
summary of the previous study results is presented here. The simulation study yielded a sensitivity
of 144 kcps for the 170 cm phantom at the center of the field of view (FOV). The experimental
measurement reported a sensitivity of 147 kcps, resulting in a relative difference of 2% between
the experimental and simulated values. This indicates a close agreement between the experimental
and simulation results.

The NECR values for the 175 cm extended phantom were 1.902 Mcps at 10 kBg/cc in the
simulation and 1.855 Mcps at 9.6 kBg/cc in the experimental measurement. This indicates a
relative difference of 2.5% between the experimental and simulation results. The close agreement
between the experimental and simulation results demonstrates the accuracy of the simulated total-
body PET. These findings affirm the suitability of the simulation model for designing new PET
scanner models.

Partial-ring total-body configurations

Table 1 shows the total sensitivity and peak NECR for each partial configuration of the total-body
PET and compares them to the equivalent full-ring PET scanner.

Figure 3 shows a transaxial slice through the center of the six spheres and coronal views of the
spheres of the simulated image quality phantom produced by the a) full-ring PET scanner (120 s
scan duration), b) 25% crystal reduction in the transaxial direction (120 s scan duration), c) 25%
crystal reduction in the axial direction (120 s scan duration), and d) 25% crystal reduction in the
axial direction (50% increase in scan duration). Table 2 presents the SNR for each configuration,
specifically for spheres with diameters of 10, 13, 17, and 22 mm. Figure 4 illustrates the CR of the
NEMA IEC phantom across four cases, showcasing the relationship with sphere diameter.

DISCUSSION

In recent years, there have been significant endeavors to enhance the sensitivity of clinical PET
scanners. One of the most effective strategies to achieve this is by increasing the number of scanner
rings. Although PET scanners with long axial field of view (FOV) or total-body PET scanners
offer superior sensitivity and image quality compared to current PET systems, their widespread
adoption is hindered by the substantial cost of the numerous scintillators required for such
scanners. In this study, we focused on simulating the uUEXPLORER PET scanner, which represents
the first human total-body PET scanner. We successfully validated the simulated scanner by
comparing its performance results to the NEMA NU-2 parameters, which are based on measured
data. Alongside validating the uUEXPLORER total-body PET scanner, we conducted a
comprehensive investigation into the influence of various partial-detector designs on the
performance of the simulated PET scanner. Specifically, we examined the effects of reducing the
number of detectors by the same proportion in both the axial and transaxial directions. Our focus
was on assessing the impact of this reduction on key performance metrics, including sensitivity,
NECR, and also CR, and, SNR of the image quality phantom. Additionally, we explored the impact
of increasing the simulation time by 50% on the CR, and, SNR for one of the partial scanner



configurations. Table 1 presents the sensitivity and NECR values for both partial configurations.
Interestingly, the NECR remains nearly the same for both partial scanners. However, the
sensitivity experiences a further decrease when detectors are removed in the axial direction.
Additionally, despite the higher sensitivity observed, the examination of the NEMA image quality
phantom demonstrated contrasting outcomes. Figure 3 illustrates that in the NEMA image quality
phantom, the transaxial partial scanner (Figure 3b) fails to detect the 10 mm sphere, while the 13
mm sphere is not distinctly visible.

Conversely, in the phantom image of the axial reduction partial-ring scanner, both the 10 mm and
13 mm spheres are distinguishable while under identical conditions (Figure 3c). This can be
attributed to improved sampling in this partial scanner configuration. It is important to note that
sensitivity refers to a system's ability to convert photons into raw counts and does not directly
account for the quality of those counts. Image quality, on the other hand, relies on the quality of
the acquired counts, which impacts the discernibility of objects in the image.

The maximum relative difference in contrast recovery between full-ring and partial-ring systems,
with a reduction in detectors in the axial direction, was found to be less than 7.8% for a 120 s time
duration and 7.0% for a 180 s time duration. On the other hand, when considering the partial-ring
system with a reduction in detectors in the transaxial direction (excluding the 10 mm sphere), the
maximum relative difference in contrast recovery was less than 15.3%.

The SNR of the spheres was computed for various configurations. The SNR values for spheres in
each configuration, along with their relative differences compared to the full-ring scanner are
summarized in table 2. As anticipated, the SNR values for the partial scanner constructed by
removing detectors in the axial direction are higher compared to the partial model obtained by
removing detectors in the transaxial direction. Furthermore, the SNR values for the axial reduction
partial scanner are closer to those of the full-ring scanner. The removal of detectors from the PET
scanner helps reduce manufacturing costs but also results in a decrease in image quality. However,
it is possible to partially compensate for this reduction by increasing the scanning time. Therefore,
finding a balance between a slight increase in scanning time and a decrease in the number of
detectors can lead to improved results. Table 2 displays the SNR values with a 50% increase in
simulation time, demonstrating the impact of this improvement on the SNR. The average relative
difference in SNR compared to the full-ring scanner decreases from 20.52% for a 120 s simulation
time to 8.58% for a 180 s simulation time. This suggests that the increase in simulation time helps
mitigate the degradation in SNR, resulting in improved image quality compared to shorter scan
durations.

Hence, by reducing the number of detectors, it is possible to significantly decrease the cost of PET
systems without compromising the quality of the resulting images. Considering that the scanning
time in total-body PETS is considerably shorter compared to current PETS, it becomes feasible to
obtain comparable images to total-body PETSs by slightly extending the scanning time using partial
total-body PET configurations. Additionally, improving the time-of-flight (TOF) capability of the
system can further enhance image quality.

By optimizing and reducing the number of detectors, it is feasible to develop total-body PET
scanners at a much lower cost, thereby making these systems more accessible and affordable in a
foreseeable future. This approach allows for the potential realization of cost-effective total-body
PET systems while still delivering high-quality imaging capabilities.

One of the limitations of this study is the significant amount of data generated by the long axial
field of view (FOV) of the scanner, which resulted in time-consuming processing. Consequently,
this limitation prevented us from obtaining high-quality images of the human anthropomorphic



phantoms. The extensive data processing requirements together with associated time constraints
posed a great challenge in achieving qualitative images for the phantom studies.

CONCLUSION

In this study, we conducted an assessment of the physical performance of partial detector-ring
configurations for a total-body PET scanner using Monte Carlo simulations. Specifically, we
implemented a reduction of 25% in the number of detectors in both the axial and transaxial
directions compared to the current total-body PET configuration. Despite the resulting lower
sensitivity, the image quality of the NEMA phantom was proved to be superior in the reduction
mode applied in the axial direction compared to the transaxial direction. Furthermore, the image
quality of the axial reduction partial scanner showed only a slight difference when compared to
the image quality of the full-ring scanner. The utilization of long AFOV PET scanners is on the
rise, and there is growing interest among researchers and designers in developing total-body PET
systems. In the future, there will likely be much interest on manufacturing total-body PET scanners
with reduced number of detectors to make them more cost-effective. If these cost-effective PET
scanners can maintain or even enhance image quality, their potential for clinical utilization will
significantly increase.
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Table 1. Comparison of the sensitivity and noise equivalent count rate (NECR) between the partial
configurations of total-body PET and the full-ring scanner

System configurations Sensitivity Relative sensitivity =~ NECR (kcps) Relative NECR
(kCps/MBq) (partial to full-ring) (partial to full-ring)

Full-ring 144 1.00 1902 1.00

25% reduction (axial) 88 0.61 970 0.51

25% reduction (transaxial) 111 0.77 965 0.50

Table 2. Signal-to-noise ratio (SNR) for all hot spheres of each scanner configuration and relative
difference of the partial scanners results with the full-ring PET scanner

Configuration  Full-ring A RDFR (%) B RDFR (%) C RDFR (%)
SD (mm)
10 6.91 0 100 5.11 26.04 5.98 13.45
13 7.04 2.97 57.81 5.63 20.00 6.60 6.25
17 7.71 4.71 38.91 6.32 18.02 6.93 10.11
22 8.38 5.24 37.47 6.96 16.94 8.00 4.53

A: 25% reduction (transaxial 120 s)

B: 25% reduction (axial 120 s)

C: 25% reduction (axial 180 s)

SD: Sphere diameter

RDFR: Relative difference with full-ring

d

A module consists of 14x5 A block consists of 6x7
(axialtransaxial) blocks (axialxtransaxial) crystals

Fig 1. a) Transaxial and b) axial view of the total-body PET simulated consists of ¢) 14x5 (axial
x transaxial) blocks in each module and d) 6x7 (axial x transaxial) crystals in each block



Fig 2. Two partial configurations of total-body PET with a reduction in the number of detectors
in the a) axial and b) transaxial directions

(a) ) © (@

Fig 3. Transaxial slices of the image quality phantom showing: a) full-ring scanner with 120 s scan
duration, b) 25% crystal reduction in the transaxial direction with 120 s scan duration, c) 25%
crystal reduction in the axial direction with 120 s scan duration, and d) 25% crystal reduction in
the axial direction with 180 s scan duration. The images were reconstructed using the OSEM
algorithm with 20 subsets and 4 iterations (2.34x2.34 mm? pixel size)
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Fig 4. Comparison of contrast recovery (CR) for four cases scanner includes a full-ring scanner, a
partial scanner with 25% crystals reduction in the axial direction, a partial scanner with 25%
crystals reduction in the transaxial direction, and a partial scanner with 25% crystals reduction in
the axial direction and 50% increase in scan duration
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