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Abstract

Purpose: Quantitative in vivo molecular imaging of fine brain structures requires high-spatial 

resolution and high-sensitivity. Positron emission tomography (PET) is an attractive candidate to 

introduce molecular imaging into standard clinical care due to its highly targeted and versatile 

imaging capabilities based on the radiotracer being used. However, PET suffers from relatively 

poor spatial resolution compared to other clinical imaging modalities, which limits its ability 

to accurately quantify radiotracer uptake in brain regions and nuclei smaller than 3 mm in 

diameter. Here we introduce a new practical and cost-effective high-resolution and high-sensitivity 

brain-dedicated PET scanner, using our depth-encoding Prism-PET detector modules arranged in a 

conformal decagon geometry, to substantially reduce the partial volume effect and enable accurate 

radiotracer uptake quantification in small subcortical nuclei.

Methods: Two Prism-PET brain scanner setups were proposed based on our 4-to-1 and 9-to-1 

coupling of scintillators to readout pixels using 1.5 × 1.5 × 20 mm3 and 0.987 × 0.987 × 20 

mm3 crystal columns, respectively. Monte Carlo simulations of our Prism-PET scanners, Siemens 

Biograph Vision, and United Imaging EXPLORER were performed using Geant4 application for 

tomographic emission (GATE). National Electrical Manufacturers Association (NEMA) standard 

was followed for the evaluation of spatial resolution, sensitivity, and count-rate performance. 
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An ultra-micro hot spot phantom was simulated for assessing image quality. A modified Zubal 

brain phantom was utilized for radiotracer imaging simulations of 5-HT1A receptors, which are 

abundant in the raphe nuclei (RN), and norepinephrine transporters, which are highly concentrated 

in the bilateral locus coeruleus (LC).

Results: The Prism-PET brain scanner with 1.5 mm crystals is superior to that with 1 mm 

crystals as the former offers better depth-of-interaction (DOI) resolution, which is key to realizing 

compact and conformal PET scanner geometries. We achieved uniform 1.3 mm full-width-at-half-

maximum (FWHM) spatial resolutions across the entire transaxial field-of-view (FOV), a NEMA 

sensitivity of 52.1 kcps/MBq, and a peak noise equivalent count rate (NECR) of 957.8 kcps at 

25.2 kBq/mL using 450–650 keV energy window. Hot spot phantom results demonstrate that our 

scanner can resolve regions as small as 1.35 mm in diameter at both center and 10 cm away 

from the center of the transaixal FOV. Both 5-HT1A receptor and norepinephrine transporter 

brain simulations prove that our Prism-PET scanner enables accurate quantification of radiotracer 

uptake in small brain regions, with a 1.8-fold and 2.6-fold improvement in the dorsal RN as well 

as a 3.2-fold and 4.4-fold improvement in the bilateral LC compared to the Biograph Vision and 

EXPLORER, respectively.

Conclusions: Based on our simulation results, the proposed high-resolution and high-sensitivity 

Prism-PET brain scanner is a promising cost-effective candidate to achieve quantitative molecular 

neuroimaging of small but important brain regions with PET clinically viable.
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1 | INTRODUCTION

Positron emission tomography (PET) is a versatile imaging modality that employs 

radiotracers for in vivo, quantitative characterization of neuroreceptors and other targets 

of interest within the central nervous system (CNS).1–3 PET tracers for molecular imaging 

are chosen on the basis of selective avidity to molecular targets. For example, [18F]AV-1451 

binds to tau protein, a major component of Alzheimer’s disease (AD) pathology,4 and 

[11C]raclopride targets the dopamine D2 receptor, a protein linked to schizophrenia and 

neurochemical dysfunction in obesity.5,6

The tracers [11C]WAY-100635 and [18F]MefWAY specifically bind 5-HT1A serotonin 

receptors in the CNS, which are present at high density in the serotonergic brainstem 

raphe nuclei (RN), a major source of brain serotonin.7–11 The dorsal raphe nucleus 

(DRN) has been implicated in a variety of neuropsychiatric disorders,12–15 including highly 

prevalent conditions such as major depressive disorder (MDD)16–19 and AD.20–25 MDD is a 

heterogeneous disease that is often misdiagnosed and mistreated due to a lack of conclusive 

etiology.7,26. Thus, the DRN is an attractive candidate to be used as an imaging target for 

diagnosis, treatment selection, and treatment response in MDD patients.27–29

Although PET plays a key role in treatment validation and discovery of pathophysiological 

processes of brain diseases, conventional whole-body PET systems are still limited by poor 
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spatial resolution and sensitivity. Low spatial resolution limits the ability to visualize small 

irregular brain structures and could drastically degrade the quantitative accuracy due to the 

partial volume effect (PVE).30,31 On the other hand, insufficient sensitivity results in a low 

signal-to-noise ratio (SNR), which restricts the capability of performing high-resolution and 

dynamic imaging.32 Although several dedicated brain PET scanners have been developed for 

research33–37 as well as proof-of-principle simulations to assess their capabilities,38–40 these 

systems still suffer from trade-offs among cost, sensitivity, spatial resolution, and timing 

resolution.

Despite having nearly six times higher 5-HT1A receptor density compared to cortical 

gray matter based on quantitative autoradiography,41 published receptor-specific binding 

measurements in the raphe PET images are lower than expected.42,43 This is due to the 

spatial resolution limitations of PET (on the order of 3–6 mm44,45) resulting in unwanted 

inclusion of low binding white matter within the volumes of interest (VOIs).46 Partial 

volume correction (PVC) may be used to mitigate PVE, but the choice of PVC method has 

been shown to drastically influence PET quantification results.47–49 Therefore, successful 

PET imaging of the RN necessitates improvements in spatial resolution of the PET scanner 

to substantially reduce the PVE.50

The locus coeruleus (LC) is another clinically relevant, small subcortical target in posterior 

area of the pons of the brainstem that has been difficult to image with PET. The LC 

is a bilateral structure and serves as the primary site of norepinephrine synthesis for 

the CNS.51,52 The LC has been implicated in a variety of diseases, including anxiety,53 

post-traumatic stress disorder,54 and AD.55–59 However, similar to the RN, the LC 

cannot be accurately imaged and quantified with PET due to PVE, resulting in lower 

observable radiotracer uptake than expected relative to larger brain regions (i.e., cortical gray 

matter).60,61 In addition to PVE-related limitations, the LC has poor detection sensitivity 

in PET imaging due to its axially off-center position in a standard clinical PET ring’s field-

of-view (FOV).62,63 PET systems with high geometric efficiency, such as small-diameter 

brain-dedicated scanners, would have greater success when imaging off-center VOIs such 

as the LC. However, there are currently no commercial small diameter human brain PET 

scanners due to the lack of practical and cost-effective depth-encoding methods that are 

required to mitigate the spatial blurring parallax error (PE).64

In this paper, we introduce our cost-effective, high-resolution, and high-sensitivity 

conformal brain PET scanner using our patented Prism-PET detector technology.65–72 

Prism-PET detector blocks utilize segmented prismatoid light-guide array for localized 

and enhanced light sharing and their salient features are: 4-to-1 and 9-to-1 coupling of 

scintillator crystals to readout pixels,65,66 single-ended depth encoding readout with sub-2-

mm depth-of-interaction (DOI) resolution,69 improved time-of-flight (TOF) performance 

using DOI corrections,67,68 and accurate decomposition of multi-crystal events for Compton 

scatter recovery (Ref. 70 and supplementary section in Ref. 65). We evaluated the imaging 

performance of our Prism-PET brain scanner and compared it with state-of-art whole-body 

and total-body TOF-PET scanners by performing Monte Carlo simulations based on 

the National Electrical Manufacturers Association (NEMA) guidelines, as well as brain 
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simulations with relative specific binding values in the DRN and LC nuclei based on 

postmortem autoradiographic studies.73–75

2 | MATERIALS AND METHODS

2.1 | Scanner geometry

We simulated four different TOF-PET scanners in Geant4 application for tomographic 

emission (GATE)76 for comparison: the total body United Imaging EXPLORER, whole-

body Siemens Biograph Vision, and our proposed TOF-DOI PET brain scanners based on 

Prism-PET detector modules with 0.987 × 0.987 × 20 mm3 and 1.5 × 1.5 × 20 mm3 crystals 

(Figure 1).

The EXPLORER detector block consists of 2.76 × 2.76 × 18.1 mm3 lutetiumyttrium 

orthosilicate (LYSO) crystals in a 7 × 6 array (transaxial × axial) coupled to a 2 × 2 readout 

array of 6 × 6 mm2 silicon photomultiplier (SiPM) pixels. Seventy detector blocks of a 5 

× 14 array form a detector module. Twenty-four corresponding detector modules form a 

section of the EXPLORER and eight sections in a row constitute the entire ~ 2 m axial 

length coverage with a 78.6 cm ring diameter, which enables PET imaging of the entire 

human body.77,78

The Biograph Vision detector block consists of a 20 × 10 array (transaxial × axial) of 3.2 × 

3.2 × 20 mm3 lutetium oxyorthosillicate (LSO) ctystals. Each detector block is subdivided 

into eight mini-blocks which has 5 x 5 crystals coupled to a 4 × 4 array of SiPMs. The 

Biograph Vision consists of eight detector rings and 38 detector blocks per ring, forming a 

cylindrical scanner with 80 cm transaxial and 26.4 cm axial FOVs.45,79

Two Prism-PET brain scanner setups are proposed based on the single-ended 9-to-1 coupled 

and 4-to-1 coupled Prism-PET detector modules. The Prism-PET brain scanner with 1 mm 

crystals (Prism-PET 1 mm) was composed of 0.987 × 0.987 × 20 mm3 LYSO crystals 

arranged in 24 × 24 arrays coupled in ratios of 9-to-1 to 3 × 3 mm3 SiPM pixels.71 In 

comparison, the Prism-PET brain scanner with 1.5 mm crystals (Prism-PET 1.5 mm) was 

composed of 1.5 × 1.5 × 20 mm3 LYSO crystals arranged in 16 × 16 arrays coupled in 

ratios of 4-to-1 to 3 × 3 mm3 SiPM pixels. Crystal-to-SiPM ratios greater than one were 

used to simultaneously enhance spatial resolution, reduce readout cost, power consumption, 

and design complexity.65,66,72 To simultaneously increase geometrical sensitivity, reduce the 

spatial-blurring accolinearity, and further reduce cost, the Prism-PET scanners utilize an 

elliptical design that conforms to the human head with a small and large diameters of 29.1 

and 38.5 cm, respectively. Both scanners consist of 14 detector rings and 40 detector blocks 

per ring, forming an axial FOV of 37.2 cm. Such a compact geometry is only possible thanks 

to the high DOI resolution of the Prism-PET modules.65,69

2.2 | Performance evaluation

Simulations in this paper were performed using GATE and boosted by high-throughput 

computing (HTCondor) platform v8.8.9 running on five multithread work-stations each 

with 2 Intel-Xeon CPUs (44 threads/cpu) and 500 GB random-access memory. Detailed 

simulation parameters are listed in Table 1. Our simulation models of Biograph Vision 
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and EXPLORER were validated by comparing the results of spatial resolution, system 

sensitivity, and count rate with previously published data.45,78,80 The imaging performance 

was assessed and quantified using the ultra-micro hot spot phantom and 3D voxelized brain 

phantoms.81

2.3 | Spatial resolution

A 1 MBq 18F point source with a 0.3 mm diameter embedded in a 10 mm isotropic cube was 

used to evaluate spatial resolution of the four scanners. It was placed radially at 10, 25, 50, 

75, and 100 mm from the center of the transaxial FOV and measurements were performed at 

axial positions of 0 mm and one-fourth the axial length away from the center of the scanner. 

At least 100K counts were collected in each measurement with the random coincidence rate 

being less than 5% of the total event rate.80

The inter-crystal scatter (ICS) recovery using the ground truth information from GATE was 

applied to both Prism-PET scanners to investigate the impact of Compton scatter on spatial 

resolution. The position of the first hit was used for the events that have Compton scattered 

inside the detector block. The ground truth DOI was calculated based on the distance from 

the hit position to the surface of the corresponding crystal. In order to accurately simulate 

the DOI performance of the Prism-PET detector modules, Gaussian noise with 4 and 2 mm 

full width at half maximum (FWHM) was added to the ground truth DOI of the Prism-PET 

1 mm and 1.5 mm scanners, respectively.65,68,69

A virtual cylindrical scanner (VC) with 0.5 × 0.5 mm2 virtual crystals was modeled, shown 

as the yellow ring in Figure 2. Each list-mode event was rebinned to a pair of VC crystals 

along the same line of response (LOR). This procedure transferred the decagon geometry 

into a cylindrical one, which enabled the filtered backprojection (FBP) reconstruction using 

Software for Tomographic Image Reconstruction (STIR).82 Note that the VC rebinning was 

only used for the spatial resolution evaluation.

All list-mode data were reconstructed using the FBP 3D reprojection method (FBP-3DRP)82 

with 0.3 × 0.3 × 0.25 mm3 voxel size for the Prism-PET 1 mm, 0.5 × 0.5 × 0.5 mm3 

voxel size for Prism-PET 1.5 mm, 1.0 × 1.0 × 1.6 mm3 voxel size for Biograph Vision, 

and 1.0 × 1.0 × 1.42 mm3 voxel size for EXPLORER. All axial LORs were accepted for 

the Prism-PET brain scanners and Biograph Vision. A maximum ring difference of three 

axial sections (~72.6 cm) was set for the EXPLORER. No attenuation, scatter correction, or 

other post-processing was applied. The tangential, radial, and axial spatial resolution in both 

FWHM and full width at tenth maximum (FWTM) were determined according to NEMA 

NU 2-2012 guidelines.80

2.4 | Axial sensitivity profile

A 700 mm polyethylene tube with a diameter of 1 mm was filled with 1 MBq of 18F and 

placed inside an 700 mm long aluminum sleeve with an inner diameter of 3.9 mm and an 

outer diameter of 6.4 mm. The phantom was placed at the center of the transaxial FOV and 

simulated for 100 s in GATE. The axial sensitivity profile was obtained by calculating the 

number of coincidences per 1.6 mm slice after single-slice rebinning (SSRB) and the counts 
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were normalized by the phantom activity and scan time. System sensitivity was calculated 

by summing the count rate from all slices.80

2.5 | Coincidence count rate

The coincidence count rate and noise equivalent count rate (NECR) were estimated 

following the NEMA NU 2-2012 guidelines. A polyethylene cylinder phantom with an 

outside diameter of 203 mm and an overall length of 700 mm was modeled as a scatter 

phantom. A 700 mm long line source was placed at a 45 mm radial distance from the central 

axis of the polyethylene phantom and filled with 0 to 1050 MBq 18F activity. Events that 

are 12 cm farther away from the center of transaxial FOV were excluded from the analysis. 

The NECR is given by RNEC = Rt
2/RTOT, where the RTOT is the sum of true coincidence rate Rt, 

scattered coincidence rate Rs, and random coincidence rate Rr.80

2.6 | Image quality

An ultra-micro hot spot phantom consisting of six rod groups with different diameters (2.4, 

2.0, 1.7, 1.35, 1.0, and 0.75 mm) was used to evalute the image quality. The phantom was 

placed at both 0 mm and 100 mm from the center of the transaxial FOV. The rods were filled 

with 250 kBq/cc of 18F and the rest of the phantom was filled with water.

The ICS recovery was applied to the Prism-PET 1 and 1.5 mm scanners as described 

in the spatial resolution section. DOI-rebinning was performed at the list-mode level to 

achieve PE correction (the crystal pair with their radiation entrance surface intersecting the 

LOR were identified as the coincidence channels for each event).83 This procedure was 

applied in both transaxial and axial direction to achieve fully 3D PE correction. Images were 

reconstructed using open-source Customizable and Advanced Software for Tomographic 

Reconstruction (CASToR)84 with 3D list-mode ordered subset expectation maximization 

(OSEM) and point-spread function (PSF) modeling. The OSEM reconstruction parameters 

are listed in Table 2. No other post-processing was applied to the reconstructed images.

2.7 | Brain simulation

We simulated the 3D voxelized Zubal human brain phantom with high-resolution 

parcellation (1 mm isotropic voxels and 256 × 256 × 128 matrix size) based on MRI and 

CT data of two healthy male adults.81 Three VOIs were added to the Zubal phantom: DRN, 

left locus coeruleus (LLC), and right locus coeruleus (RLC). The DRN was added along 

the midline of the brainstem, while the two LC VOIs were symmetrically placed in the 

brainstem adjacent to the fourth ventricle based on coordinates provided in the literature.85–

88 The DRN was inserted as a 3-mm diameter sphere,73,85 while both the LLC and RLC 

were modeled as 2-mm diameter spheres with their centers placed 2 mm lateral to the 

midline of the brain.63,89

For each of the four simulated scanners, two separate simulations were performed: one 

based on relative uptake of [11C]WAY-100635, a 5-HT1A receptor radiotracer,73,74 and one 

based on relative uptake of (S,S)-[18F]FMeNER-D2, a norepinephrine transporter (NET) 

radiotracer.75 Total activities in the GATE simulations were 0.16 mCi and 0.2 mCi for the 

imaging studies of the seretonin receptor and NET, respectively. Note that while these doses 
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are much lower than what’s typically administered in clinical PET scans, they are simulated 

exclusively in the brain whereas in real scans radiotracers generally have much higher 

nonspecific binding and will be distributed to other regions and even throughout the entire 

body. In addition, the simulated tracers have high specificity for the brain regions being 

studied with high signal-to-background ratios, and thus high-quality images with sufficient 

contrast can be acquired at low doses. Uptake in each brain region is primarily based 

on the radiopharmaceutical rather than the radioisotope attached to it. For example, many 

analogs of WAY-100635 have been developed that have 18F as the radioisotope, including 

[18F]FCWAY90 and [18F]Mefway,91 which provide better intrinsic spatial resolution due to 

the lower positron range of 18F compared to 11C.44

Each voxel of the 3D brain phantom was attached with 18F activity based on 

autoradiographic studies showing the specific binding of 5-HT1A radiotracer73,74 and NET75 

relative to the DRN and LC, respectively (Table 3). Radioactive decay of the 18F source, 

positron range of 18F, and photon pair acollinearity were all modeled in GATE. The 

coincidence windows used for the EXPLORER, Biograph Vision, and Prism-PET scanners 

were 6, 4.73, and 2.5 ns, respectively. The scanners’ temporal resolution was simulated by 

setting the single crystal’s time-domain Gaussian blurring parameter (FWHM) in GATE 

where coincidence time resolution (CTR) is the quadrature sum of two coincidence crystals’ 

timing resolutions. The CTR of each scanner is listed in the TOF resolution section in Table 

1.

The list-mode data of all axial LORs was utilized while those for the Prism-PET brain 

scanners were further processed for ICS recovery and DOI-rebinning (see the spatial 

resolution and image quality sections). The images were reconstructed by CASToR using 

3D list-mode TOF-OSEM algorithm with PSF modeling (see Table 2).84 No scatter 

correction was performed for the PET images but the attenuation correction was applied 

by using an attenuation map generated from the Zubal brain phantom where tissues were 

segmented into four groups: bone, air, blood, and soft tissue.

Reconstructed brain simulation images were registered to the modified Zubal phantom using 

a six-parameter rigid-body transform in SPM1292 for quantitative analysis. We calculated 

the average voxel intensity, which is a quantitative metric representative of volumetric 

uptake, of each of the three added nuclei VOIs in order to characterize the capabilities of the 

simulated scanners in resolving small brain structures. The VOIs used for signal extraction 

were identical to the ones that were inserted into the brain for the GATE simulations (i.e., 

3 mm sphere for the DRN and 2 mm spheres for the LLC and RLC). To quantitatively 

characterize contrast, we calculated the relative uptake ratio (denoted RUR) as the average 

voxel intensity of the VOI versus that of the entire cortical gray matter, the latter being our 

reference region.

3 | RESULTS

3.1 | Spatial resolution, coincidence count rate, and sensitivity

Table 4 shows the spatial resolutions in FWHM and FWTM at 1, 5, and 10 cm from 

the center of the transaxial FOV. The system sensitivity values and peak NECRs are also 
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summarized in Table 4 with the axial sensitivity profile shown in Figure 3. The Prism-PET 

scanners achieved more than three times higher system sensitivity compared to the Biograph 

Vision. The Prism-PET 1 mm has a slightly lower sensitivity than Prism-PET 1.5 mm 

because of it’s smaller crystal volume. Figure 4 depicts the trues, scatters, randoms, total 

(prompt) count rates, and NECRs of the four scanners as a function of activity. The 

maximum NECRs are 1367.4 kcps at 16.8 kBq/cc for the EXPLORER,~950 kcps at 25.2 

kBq/cc for the Prism-PET scanners, and 290 kcps at 25.2 kBq/cc for the Biograph Vision.

3.2 | Image quality and 3D voxelized brain phantom

The ultra-micro hot spot phantom images are shown in Figure 5. All 1.35 mm hot spots can 

be distinctly resolved at both the center and edge of the FOV by both Prism-PET scanners 

after the ICS recovery and DOI rebinning, while the Biograph Vision and EXPLORER can 

only resolve the largest hot spots with 2.4 mm in diameter. The spatial blurring of Compton 

scatter can clearly be seen for ultra-high resolution PET imaging after DOI correction and 

while comparing the reconstructed images without and with ICS recovery.

The Prism-PET scanners demonstrated more accurate radiotracer uptake when imaging the 

5-HT1A receptor and NET than both the Biograph Vision and EXPLORER scanners relative 

to the uptake in the entire cortical gray matter (Figures 6 and 7). In the serotonin PET 

study, the Prism-PET scanners enabled high-contrast visualization of the DRN, while neither 

the Biograph Vision’s nor the EXPLORER’s spatial resolution permitted clear distinction 

of the DRN (Figure 6). The relative uptake ratio between the DRN and cortical gray 

matter was much higher in the Prism-PET scanners (Prism-PET 1 mm: RURDRN = 3.3; 

Prism-PET 1.5 mm: RURDRN = 3.5) compared to both the Biograph Vision (RURDRN = 

1.9) and EXPLORER (RURDRN = 1.3), representing a 1.8-fold and 2.6-fold improvement in 

quantification accuracy, respectively (Figure 8). In addition, the hippocampal head is clearly 

visible in the Prism-PET scanner along with the subiculum due to the enhanced spatial 

resolution, whereas the substructures of the hippocampus cannot be distinguished with the 

Biograph Vision or EXPLORER (Figure 6).

In the NET PET study, the LLC and RLC were not distinguishable in the Biograph Vision 

and EXPLORER images, while the Prism-PET scanners allowed for clear visualization 

and distinction of each VOI (Figure 7). Similar to the serotonin receptor quantitation, the 

relative uptake ratios between the LC VOIs and the cortex were noticeably higher using the 

Prism-PET scanners (Prism-PET 1 mm: RURLLC = 3.8, RURRLC = 4.6; Prism-PET 1.5 mm: 

RURLLC = 5.0, RURRLC = 4.7) compared to the Biograph Vision (RURLLC = 1.5, RURRLC 

= 2.0) and EXPLORER (RURLLC = 1.1, RURRLC = 1.2, see Figure 8).

4 | DISCUSSION

The decagon-shaped geometry of the Prism-PET scanners (1) provides a larger solid angle 

coverage which improves sensitivity (52.1 kcps/MBq for Prism-PET 1.5 mm vs. 16.3 

kcps/MBq for Biograph Vision), (2) reduces the spatial blurring acollinearity as the detector 

blocks closely wrap around the human head for substantially smaller LOR lengths, and (3) 

reduces the crystal surface area (a significant cost factor of a PET scanner) by 50% and 

92% compared to the Biograph Vision and EXPLORER, respectively. However, since the 
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conformal decagon geometry increases the fraction of gamma photons that hit the crystal 

surface with oblique angles, Prism-PET brain scanners suffer from a high degree of PE, 

leading to the degradation of spatial resolution even at the center of the FOV, as well 

as severe blurring towards the edge of the FOV.44 The parallax artifact can be mitigated 

by enhancing the positional accuracy of the LORs using events’ DOI information.93 By 

applying DOI-rebinning,83 the parallax artifact in both the transaxial and axial FOV is 

corrected and a substantially higher image quality is obtained across the entire FOV (see 

Figure 5). Although the Prism-PET 1.5 mm (with 2 mm DOI resolution) uses larger crystal 

elements, it provided better spatial resolution than the Prism-PET 1 mm (with 4 mm DOI 

resolution) especially for regions near the edge of the transaxial FOV, suggesting that 

accurate DOI localization is indispensable for compact and conformal PET scanners to 

achieve uniform high spatial resolution. One important consideration is that the number of 

LORs increases quadratically with the number of DOI layers which may lead to higher 

computational costs for DOI-based image reconstruction.94,95 One solution is to perform 

DOI-rebinning in list-mode followed by a conventional non-DOI image reconstruction. 

Thus, although continuous DOI was simulated for the Prism-PET scanners, the image 

reconstruction time remained similar to that of non-DOI scanners.

Compton scatter is another factor that further exacerbates the trade-off between spatial 

resolution and sensitivity unless the position of the first interaction site is recovered.96 

For small crystals used by Prism-PET scanners, a large percentage of 511 keV photons 

will scatter to the adjacent crystals and cause mispositioning of the LORs which leads to 

spatial blurring and image quality degradation.97,98 Although some of the scattered events 

are rejected due to insufficient energy deposition and/or collection, the majority of them 

are detected to boost sensitivity and image SNR. One of the major advantages of the 

Prism-PET detector block is the enhanced and localized light-sharing of scintillation photons 

to neighboring SiPM pixels with a characteristic pattern (supplementary section in Ref. 65). 

This enables accurate decomposition of energies and DOIs for both the scattered photon 

and the recoil electron in the multicrystal event. The knowledge of energy and DOI for 

interactions in each crystal results in the most accurate ICS recovery70,99 and substantially 

mitigates the trade-off between sensitivity and spatial resolution when including ICS events 

in the image reconstruction. The hot spot phantom simulation results validate that the 

Prism-PET’s ICS recovery can enhance spatial resolution and the ability to resolve and 

quantify uptake in small structures (Figure 5).

Quantitative PET imaging for small brain structures relies on having sufficient sensitivity 

and spatial resolution in order to accurately assess radiotracer uptake with minimal 

PVE.50,100 While the current state-of-the-art Biograph Vision and total-body EXPLORER 

scanners cannot accurately visualize and quantify uptakes in the LLC, RLC, and DRN 

(RUR< 2 for all three VOIs in both scanners), our proposed depth encoding Prism-PET 

scanners offer higher RUR values in all three VOIs due to about an order-of-magnitude 

higher volumetric resolution and substantially lower PVE (Figures 6–8).65,66 One must note 

that only the Prism-PET 1.5 mm scanner obtained bilateral and symmetrical uptakes with 

maximum RURs in the LLC and RLC nuclei thanks to its superior DOI resolution which 

yields the most accurate positioning of LORs and least PE.
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The high-resolution research tomograph (HRRT),101 which is designed over 20 years ago 

and is no longer commercially available, is the most widely used brain PET scanner and 

serves as a performance benchmark for new high-resolution systems. However, HRRT’s 

moderate spatial resolution (2.4 mm at the center of the FOV), insufficient DOI localization 

accuracy (two-layer discrete DOI) given the compact octagon geometry, poor sensitivity 

(4.3% at the center of FOV), and absence of TOF readout have substantially limited its 

quantitative accuracy for the numerous studies performed at the 17 installed sites around 

the world.102 For example, low SNR and severe PVE in the HRRT [11C]MRB-PET images 

contributed to the lowest measured NET concentration in the LC region.103 In another recent 

study, small regions such as the raphe nuclei were excluded from any quantitative analysis 

because PVE led to a severe underestimation of binding potentials in small and high binding 

regions (i.e., raphe) which are surrounded by low binding tissue (i.e., white matter tissue of 

the brainstem).42

Because of the trade-off between sensitivity and spatial resolution for large axial FOV non-

DOI PET scanners, we observe that although the EXPLORER has the highest sensitivity 

and NECR, it has the lowest quantitative accuracy in both the 5-HT1A receptor and NET 

PET studies. The axial detector penetration of obliquely incident gamma photons detected 

within the wide acceptance angle in the EXPLORER introduces significant PE which leads 

to degraded spatial resolution, as shown in a recent simulation study.104 This axial PE can be 

reduced by limiting the accepted ring difference at the expense of reduced sensitivity.105 In 

addition, the EXPLORER has a poor TOF resolution of ~ 500 ps, which together with the 

absence of depth-encoding offset its effective sensitivity gain, especially for imaging single 

organs such as the human brain.106

Accurate and reliable imaging of the molecular and functional attributes of the RN 

and LC could lead to a better understanding of brain physiology and pathology (e.g., 

AD pathogenesis), as well as assist with clinical decision making. Accumulation of tau 

and neuronal loss has been observed in the cortical and subcortical brain sites as AD 

progresses.107–109 Studies suggest that small subcortical brain regions are involved in early 

AD before cytoskeletal changes occur in the entorhinal cortex, and the LC and RN are 

the first affected structures.110,111 However, the application of, for example, LC FDG-PET 

imaging as a potential in vivo biomarker of AD is not supported because of significant 

PVE in the acquired patient data.112 Our high-resolution Prism-PET brain scanner enables 

quantitative imaging of LC and other small brain nuclei which may lead to alternative 

findings and help discover potential imaging biomarkers of the AD. In addition, observing 

changes in the LC and RN in response to lifestyle adjustments or medical therapy could also 

guide the discovery and application of new and effective treatments. The molecular imaging 

of LC and RN may offer a more sensitive and specific addition to the cognitive, functional, 

and behavioral batteries that are currently used for diagnosis and monitoring disorders of the 

CNS.

5 | CONCLUSION

A next-generation TOF-DOI brain PET scanner is proposed using our recently developed 

Prism-PET detector technologies to simultaneously and cost-effectively achieve high 
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resolution and high sensitivity. Performance evaluations using NEMA guidelines and ultra-

micro hot spot phantom simulations demonstrated a system sensitivity of 52.1 kcps/MBq 

while achieving 1.3 mm spatial resolution across the entire FOV, thanks to (1) 4-to-1 

crystal-to-pixel coupling (using 1.5 mm crystals and 3 mm SiPM pixels), (2) single-ended 

depth encoding and TOF readout (with 2 mm FWHM DOI resolution), (3) compact and 

conformal scanner geometry (reducing spatial blur due to accolinearity with a twofold 

reduction in scintillator volume compared to the Biograph Vision), and (4) corrections of 

ICS events. The 3D voxelized brain phantom simulations showed that the Prism-PET brain 

scanner, with substantially reduced PVE and improved SNR, enables accurate visualization 

and uptake quantification of 5-HT1A radiotracer in the DRN and NET radiotracer in the LC. 

The ultimate goal is to provide ultra-high performance PET neuroimaging at reduced cost 

for increased geographical and clinical dissemination and also to have a significant clinical 

impact by enabling high SNR and high-resolution parametric imaging with voxel-level 

kinetic modeling and reliable quantitative in vivo measurement of molecular targets in a host 

of small brain nuclei.
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FIGURE 1. 
3D GATE models of the EXPLORER (left), Siemens Biograph Vision (middle), and Prism-

PET brain scanner (right) with modified Zubal brain phantom at the center of the FOV.
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FIGURE 2. 
Demonstration of LORs rebinned to virtual cylinder (VC). Yellow: VC detector ring. Red 

dash line: actual LORs. Blue solid line: LORs rebinned to the VC
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FIGURE 3. 
Axial sensitivity profiles of EXPLORER, Biograph Vision, Prism-PET 1 mm, and Prism-

PET 1.5 mm.
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FIGURE 4. 
Count rate and NECR performance of EXPLORER, Biograph Vision, Prism-PET 1 mm, and 

Prism-PET 1.5 mm.
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FIGURE 5. 
Simulated ultra-micro phantom images at the center and edge (i.e., 100 mm offset from the 

center of the transaxial FOV). Rods’ diameters from smallest to largest are 0.75, 1.0, 1.35, 

1.7, 2.0, and 2.4 mm (clockwise). Raw: images without any corrections. DOI: images with 

DOI-rebinning. ICS-DOI: images with both ICS recovery and DOI-rebinning.
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FIGURE 6. 
5-HT1A radiotracer GATE simulation using the Biograph Vision, EXPLORER, Prism-PET 

1 mm, and Prism-PET 1.5 mm. The insets in these figures show a zoomed-in view of 

the DRN. Top row represents the corresponding slice in Montreal Neurological Institute 

(MNI152) space (centered around the DRN).
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FIGURE 7. 
NET radiotracer GATE simulation using the EXPLORER, Biograph Vision, Prism-PET 

1 mm, and Prism-PET 1.5 mm. The insets in these figures show a zoomed-in view of 

the bilateral LC. Top row represents the corresponding slice in MNI152 template images 

(centered around the LC).
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FIGURE 8. 
Calculated RUR values for each VOI (DRN, LLC, and RLC) using the 5-HT1A radiotracer 

(DRN) and NET radiotracer (LLC, RLC) for all four simulated scanners. Ground truth RUR 

values based on postmortem autoradiographic studies are also displayed for reference.
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TABLE 3

Specific binding values used in the 5-HT1A receptor and NET PET simulations

Brain regions Specific binding relative to DRN73,74 Brain regions Specific binding relative to LC75

DRN 100.0 LC 100.0

Hippocampus   74.0 Pons anterior   9.8

Uncus   77.0 Caudatus  5.7

Amygdala   10.0 Putamen  3.0

Entorhinal cortex   44.0 Thalamus  8.0

Insular cortex   25.0 Temporal cortex   12.3

Temporal polar cortex   43.0 Insular cortex  9.9

Frontal cortex   18.0 Occipital cortex  1.6

Temporal cortex   22.0 Cerebellum, total   15.2

Occipital cortex   10.0 Cerebellum, gray matter   15.6

Caudate nucleus  1.0 White matter  7.6

Globus pallidus  1.0 N/A N/A

Putamen  1.0 N/A N/A

Thalamus  2.0 N/A N/A

Abbreviations: NET, norepinephrine transporter; PET, positron emission tomography; DRN, dorsal raphe nucleus; LC, locus coeruleus; N/A, not 
applicable.
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