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Abstract
Background: Silicon photomultiplier-positron emission tomography (SiPM-PET) has
better sensitivity, spatial resolution, and timing resolution than photomultiplier tube
(PMT)-PET. The present study aimed to clarify the advantages of SiPM-PET in 18Ffluoro-2-deoxy-D-glucose ([18F]FDG) brain imaging in a head-to-head comparison
with PMT-PET in phantom and clinical studies.
Methods: Contrast was calculated from images acquired from a Hoffman 3D brain
phantom, and image noise and uniformity were calculated from images acquired
from a pool phantom using SiPM- and PMT-PET. Sequential PMT-PET and SiPM-PET
[18F]FDG images were acquired over a period of 10 min from 22 controls and 10
patients. All images were separately normalized to a standard [18F]FDG PET template,
then the mean standardized uptake values (SUVmean) and Z-score were calculated
using MIMneuro and CortexID Suite, respectively.
Results: Image contrast, image noise, and uniformity in SiPM-PET changed 19.2, 3.5,
and − 40.0% from PMT-PET, respectively. These physical indices of both PET scanners
satisfied the criteria for acceptable image quality published by the Japanese Society
of Nuclear Medicine of contrast > 55%, CV ≤ 15%, and SD ≤ 0.0249, respectively.
Contrast was 70.0% for SiPM-PET without TOF and 59.5% for PMT-PET without TOF.
The TOF improved contrast by 3.5% in SiPM-PET. The SUVmean using SiPM-PET was
significantly higher than PMT-PET and did not correlate with a time delay. Z-scores
were also significantly higher in images acquired from SiPM-PET (except for the
bilateral posterior cingulate) than PMT-PET because the peak signal that was
extracted by the calculation of Z-score in CortexID Suite was increased. The
hypometabolic area in statistical maps was reduced and localized using SiPM-PET.
The trend was independent of whether the images were derived from controls or
patients.
(Continued on next page)
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Conclusions: The improved spatial resolution and sensitivity of SiPM-PET contributed
to better image contrast and uniformity in brain [18F]FDG images. The SiPM-PET offers
better quality and more accurate quantitation of brain PET images. The SUVmean and
Z-scores were higher in SiPM-PET than PMT-PET due to improved PVE. [18F]FDG
images acquired using SiPM-PET will help to improve diagnostic outcomes based on
statistical image analysis because SiPM-PET would localize the distribution of glucose
metabolism on Z-score maps.
Keywords: Silicon photomultiplier, Photomultiplier tube, Digital positron emission
tomography, Image quality, Standardized uptake value ratio, Statistical image analysis

Introduction
Positron emission tomography (PET) has become an important imaging technology for
evaluating biochemical and physiological functions and pathological abnormalities [1,
2]. Brain imaging with 18F-fluoro-2-deoxy-D-glucose ([18F]FDG) measures local glucose
metabolism as a proxy for neuronal activity and thus is a powerful tool for differentially
diagnosing dementia [3, 4].
Silicon photomultipliers (SiPM) developed by Hamamatsu Photonics K.K. have replaced
photomultiplier tubes (PMT) in newer PET detector systems [5]. The SiPM is a solidstate photon-counting device comprising 100 to > 10,000 avalanche photodiode pixels in
Geiger mode. The desirable features of SiPM comprise good intrinsic timing resolution
(< 200 ps, not for clinical use), compact, rugged design, higher gain (similar to that of
PMT), and more sensitive photon detection than PMT [5–11]. The scintillator size is a
dominant factor in the spatial resolution of PET imaging [12]. The clinical PET scanner
using SiPM is likely to improve spatial resolution because it has crystals < 4 × 4 mm [10,
13]. The SiPM gain and photon detection efficiency are temperature-dependent [14, 15].
Therefore, an efficient cooling system is required for SiPM-based PET scanners to maintain performance. The temperature of the Discovery MI (DMI; GE Healthcare, Milwaukee, WI, USA) and the SIGNA PET/MR (GE Healthcare) is maintained at 17–18 °C with
a constant flow of coolant [8]. The SiPM-based PET/computed tomography (CT) Discovery MI had a PET axial field-of-view (FOV) of 20 cm, small lutetium-based scintillators
(LBS) with a SiPM block design, and a timing resolution of 375 ps [16]. We found that
the SiPM-PET had good sensitivity as well as spatial and timing resolution in National
Electrical Manufactured Association (NEMA) performance tests. Contrast was better on
images acquired from the DMI than the Discovery PET/CT 710 (D710, GE Healthcare)
with PMT detectors [17].
The clinical applicability of SiPM-PET/CT has been investigated. Hsu et al. found
that SiPM-PET improved the contrast recovery of small lesions [16]. Tiny malignant lesions in a patient with melanoma were detected on [18F]FDG images acquired using
SiPM-PET/CT and a Bayesian penalized-likelihood reconstruction algorithm [18].
Sonni et al. reported that SiPM technology and the time-of-flight (TOF) algorithm
could reduce the duration of whole-body image acquisition without losing image quality [19]. Salvadori et al. compared the quality of brain [18F]FDG images between Philips
SiPM- and PMT-PET scanners [20] and found better contrast and spatial resolution
with less noise, when images were acquired using digital PET in their clinical study.
Sluis et al. evaluated the performance of a Siemens SiPM-PET using NEMA tests and
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visually compared [18F]FDG brain images acquired by PMT-PET and SiPM-PET, but
did not physically evaluate the quality of [18F]FDG brain images [13].
The present study aimed to clarify the advantage of SiPM-PET system in [18F]FDG
brain imaging in head-to-head comparisons between DMI and D710 in phantom and
clinical studies. To our knowledge, this is the first attempt to evaluate SiPM-PET image
quality using a Hoffman 3D brain phantom. We also evaluated the results of quantitative analysis and statistical image analysis in a clinical study.

Materials and methods
PET/CT systems
Discovery MI

The Discovery MI is a combination of an LBS, an SiPM-PET scanner and a 64-slice CT
scanner. The LBS includes four blocks of detectors aligned in the axial direction, each
comprising 19,584 crystals (3.95 × 5.3 × 25-mm) in a 4 × 9 matrix. The scanner has 36
detector units per ring and 9792 SiPM channels. The DMI enables axial and transaxial
FOV of 20 and 70 cm, respectively, with 71 image planes spaced at 2.79-mm intervals.
The timing resolution is 375 ps [16]. The spatial resolution according to NEMA NU 22012 is 3.91 mm at full width at half maximum (FWHM) [17].
Discovery PET/CT 710

The Discovery PET/CT 710 is a combination of LBS with PMT-PET and 64-slice CT
scanners. The PET scanner has 13,824 LBS crystals in a 4.2 × 6.3 × 25-mm3 block. The
D710 enables a 157-mm axial FOV and a 700-mm transaxial FOV with 47 image planes
spaced at 3.27-mm intervals. The timing resolution is 500 ps. The spatial resolution according to a NEMA NU 2-2007 is 4.52 mm at FWHM [21].
PET reconstruction condition

Data acquired using SiPM-PET and PMT-PET were reconstructed under the following
conditions: three-dimensional-ordered subset-expectation maximization (3D-OS-EM)
with TOF; 4 iterations; 16 subsets; Gaussian filter, 2.5 mm (FWHM); 128 × 128 matrix
size; FOV, 25.6 cm; 2.0 mm/pixel. Images of the Hoffman 3D brain phantom acquired
by both PET scanners were also reconstructed without TOF to evaluate changes in
image contrast using TOF as the contrast gain. Contrast gain was evaluated as
described below.
Phantom study
Data acquisition

Images were acquired for 30 min on different days using SiPM-PET and PMT-PET in
list mode from a Hoffman 3D brain phantom (Data Spectrum Corporation, Hillsborough, NC, USA) that mimicked the [18F]FDG distribution in the human brain [22] and
a pool phantom (Itoi Plastics Co. Ltd., Kobe, Japan), each containing 20 MBq of
[18F]FDG. Phantom conditions and the scan duration were determined according to
the Japanese Society of Nuclear Medicine (JSNM) phantom test procedure [23]. We extracted time frames of 0–420 for the PMT-PET and 0–380 s for SiPM-PET from 30
min of data derived from the two phantoms. The count statistics achieved from the
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PMT-PET time frame were equivalent to those for [18F]FDG clinical brain images at
our institution as described below. The time frame of SiPM-PET was determined based
on radioactive decay during the scan interval during the second acquisition.

Data processing

Image quality was evaluated using physical indices for phantom tests proposed by the
JSNM: the ratio of gray-to-white matter contrast (contrast, %) calculated from images
of Hoffman phantom and image noise (coefficient of variation, CV [%]) and uniformity
(standard deviation, SD) calculated from images of pool phantom [23]. The SD was also
calculated from the pool phantom image with a scan duration of 30 min. The contrast,
CV, and SD were respectively calculated as described using images acquired from Hoffman and pool phantoms [23]. Contrast gain (%) was calculated as:
ðContrast TOF − Contrast non − TOF Þ  100

.
Contrast non − TOF

where ContrastTOF and Contrastnon-TOF are contrast (%) with and without TOF,
respectively.
These physical indices were calculated using PETquactIE ver. 3.0 (Nihon MediPhysics Co., Ltd., Tokyo, Japan).

Clinical protocol
Data acquisition

The present study proceeded in accordance with the Declaration of Helsinki and was
approved by the Ethics Committee at the TMIG (Approval No. 28077). All control individuals and patients provided written informed consent to participate in the present
study after physicians provided a detailed explanation of the study at the Research
Team for Neuroimaging. The individuals rested comfortably in a quiet, dimly lit room
for several minutes, then were placed in the supine position for intravenous [18F]FDG
injection and uptake. Low-dose CT images for attenuation and scatter correction were
acquired before starting PET image acquisition. The first set of PMT-PET images were
acquired for 10 min starting from 40 min after [18F]FDG administration, and then, the
second set of SiPM-PET images was acquired, also for 10 min. The second scan started
within 5 min of completing the first scan of 22 controls and 10 patients using the two
PET/CT scanners between April 2017 and July 2018. The controls were confirmed as
not having degenerative neurological disorders on [18F]FDG and brain magnetic resonance images acquired using a Discovery MR750w 3.0T scanner (GE Healthcare). The
MR images were acquired under the following conditions: three-dimensional mode
(spoiled gradient recalled acquisition in the steady state: repetition time, 7.648 ms; echo
time, 3.092 ms; matrix size, 196 × 256 × 256; voxel size, 1.2 × 1.0547 × 1.0547 mm3).
Table 1 shows the characteristics of the controls. Among the controls, four were
healthy volunteers and 18 had visual issues (visual snow, n = 12; blepharospasm, n = 2;
visual disturbance, n = 1; photophobia, n = 1; Charles Bonnet syndrome, n = 1; traffic
injury, n = 1). Ten patients had suspected degenerative neurological disorders. Table 2
shows the characteristics of patients.
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Table 1 Characteristics of controls (n = 22)
Age (mean ± SD, range)

41.1 ± 18.9, (21 – 75)

Male (n)

11

Height (cm)

166.1 ± 7.5

Weight (kg)

58.5 ± 9.1

Glucose (mg/dL)

101.0 ± 13.7

Injected dose (MBq)

155.8 ± 14.7

Uptake duration (min, PMT-PET/SiPM-PET)

40.1 ± 0.6/55.3 ± 1.2

Data are shown as means ± standard deviation
PET Positron emission tomography, PMT Photomultiplier tube, SiPM Silicon photomultiplier

Data processing

We separately normalized [18F]FDG images of 22 controls to a standard [18F]FDG PET
template using MIMneuro (MIM Software Inc. Cleveland, OH, USA). Anatomical volumes of interest (VOI) of MIMneuro were automatically placed on the caudate nucleus;
the cerebellum, frontal, occipital, parietal, and temporal lobes; the putamen, thalamus,
and whole brain. Mean standardized uptake values (SUVmean) were measured using
these VOI [24]. Images of the 22 controls and 10 patients were statistically analyzed
using CortexID Suite (GE Healthcare) [25–27]. Anatomical VOI of CortexID Suite
comprised the lateral and medial frontal, inferior and superior parietal, and lateral and
medial temporal lobes, the anterior and posterior cingulate cortex, occipital lobe, sensorimotor, precuneus, primary visual cortex, and cerebellum. The SUV ratio (SUVR)
was calculated using the value of the pons as a reference region. Z-scores for anatomical VOI-based analyses were calculated from anatomically normalized SUVR images
using the formula,
ðSUVRindividual − SUVRnormal Þ

.
SDnormal

;

Table 2 Characteristics of patients
Pt.

Clinical
diagnosis

Age

Sex

Weight
(kg)

Glucose
(mg/dL)

Injected dose Uptake duration (min,
(MBq)
PMT/SiPM)

1

MCI

72

Male

63.3

96

162.5

40.0/55.6

2

Amnesia

49

Male

73.1

102

151.7

40.0/54.5

3

FTLD

60

Female 63.0

95

149.3

40.0/57.5

4

Juvenile AD

49

Male

89.4

93

168.7

40.0/57.2

5

Juvenile AD

55

Male

65.4

111

172.1

40.0/56.8

6

MCI

70

Female 46.6

90

174.8

40.1/56.6

7

Amnesia, AD

81

Male

55.5

96

165.0

40.0/55.6

8

Dystonia

36

Female 42.9

99

172.2

40.0/54.7

9

Familial AD

55

Female 54.0

96

160.4

40.0/54.5

10

Posterior cortical 63
atrophy

Male

61.3

100

140.1

40.0/57.0

Means
± SD

-

-

61.5 ±
13.3

97.8 ± 5.8

161.7 ±11.4

40.0 ± 0.0/ 56.0 ± 1.2

59.0 ±
13.1

AD Alzheimer’s disease, FTLD Frontotemporal lobar degeneration, MCI Mild cognitive impairment, PMT Photomultiplier
tube, SiPM Silicon photomultiplier
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where SUVRindividual and SUVRnormal are the mean SUVR of the individuals and the
normal database of CortexID Suite in the VOI, respectively, and SDnormal is the SD of
the SUVR of the normal database of CortexID Suite in the VOI.
Data analyses

Data were statistically analyzed using Prism 8 Version 8.4.0 (GraphPad Software Inc.,
San Diego, CA, USA). The SUVmean of all regions for SiPM- and PMT- PET acquisitions were statistically compared using two-tailed paired Student t tests. Spearman rank
correlation coefficients were calculated to evaluate relationships among different SUVmean in the whole brain and intervals between acquisitions. Z-scores were statistically
analyzed for both acquisitions using Wilcoxon matched-pairs signed rank tests. Values
with P < 0.05 were considered significant.

Results
Phantom study

Table 3 shows that the physical indices of both scanners satisfied the JSNM image quality acceptance criteria of contrast > 55%, CV ≤ 15%, and SD ≤ 0.0249. The pool phantom images under the clinical conditions also satisfied the criterion of uniformity.
Contrast was higher using SiPM-PET than PMT-PET. Contrast was 70.0% for the
SiPM-PET without TOF and 59.5% for the PMT-PET without TOF. The TOF improved the contrast in SiPM-PET by 3.5%.
Clinical study

Figure 1 and Table 4 show changes in SUVmean and mean (± SD) SUVmean across all
brain regions of controls, respectively, between acquired using SiPM- and PMT-PET.
The SUVmean was significantly higher on SiPM-PET than PMT-PET images in all regions. The mean (± SD) of the interval between sequential acquisitions (PMT-PET
followed by SiPM-PET) was 15.2 ± 1.0 min for controls. The second acquisition started
about 5 min after the end of the first acquisition. Figure 2 shows correlations between
changes of SUVmean in whole brain and time between first and second acquisitions in
controls. The R of the SUVmean was 0.06 (P = 0.79), then the SUVmean was independent
of the time.
Figure 3 shows that the comparisons of Z-scores analyzed in all regions (except the
bilateral posterior cingulate) using the CotexID Suite were significantly higher in SiPMPET than in PMT-PET images. Figure 4 shows [18F]FDG images, Z-score maps, and
MR images from a control who was a 71-year-old male with visual hallucinations and
Charles Bonnet syndrome (CBS). Glucose metabolization was reduced at the visual association cortex, but hypermetabolism was undetectable on both statistical maps.
Table 3 Physical indices in JSNM criteria and contrast gain in background of SiPM- and PMT-PET
PET system

Contrast (%)

CV (%)

SD (clinical vs. 30 min)

Contrast gain (%)

PMT-PET

58.5

11.1

0.021/0.018

− 1.7

SiPM-PET

72.4

11.5

0.015/0.009

3.5

JSNM criteria: contrast ratio > 55%, CV < 13%, SD < 0.0249
CV Coefficient of variation, JSNM Japanese Society of Nuclear Medicine, PET Positron emission tomography, PMT
Photomultiplier tube, SD Standard deviation, SiPM Silicon photomultiplier
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Fig. 1 Changes in SUVmean of all regions in images acquired by PMT-PET and SiPM-PET.PET positron
emission tomography, PMT photomultiplier tube, SiPM silicon photomultiplier, SUVmean mean standardized
uptake value

Table 4 Mean standardized uptake values for [18F]FDG brain images acquired using SiPM- and
PMT-PET (n = 22)
Region

PMT-PET

SiPM-PET

Difference

Cerebellum

5.5 ± 0.7

5.9 ± 0.7

7.9%

Brain stem

4.4 ± 0.5

4.6 ± 0.5

5.4%

Caudate

6.8 ± 1.3

7.4 ± 1.3

8.6%

Frontal lobe

6.6 ± 1.0

7.4 ± 1.1

11.0%

Occipital lobe

6.5 ± 0.9

7.5 ± 1.0

14.1%

Parietal lobe

6.2 ± 0.9

6.9 ± 1.0

11.9%

Temporal lobe

5.8 ± 0.8

6.6 ± 0.9

14.2%

Putamen

7.8 ± 1.1

8.5 ± 1.1

9.3%

Thalamus

6.9 ± 1.1

7.4 ± 1.1

7.2%

Whole brain

5.5 ± 0.8

6.1 ± 0.8

11.0%

Data are shown as means ± standard deviation
PET Positron emission tomography, PMT Photomultiplier tube, SiPM Silicon photomultiplier
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Fig. 2 Correlations between changes in SUVmean in whole brain and all regions and time between
sequential acquisitions. SUVmean mean standardized uptake value

Fig. 3 Z-scores in all brain regions in SiPM-PET and PMT-PET images. L left, PET positron emission
tomography, PMT photomultiplier tube, R right, SiPM silicon photomultiplier
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Fig. 4 [18F]FDG images, MR images, and Z-score maps derived from a 71-year-old male. [18F]FDG images
acquired using PMT-PET (a) and SiPM-PET (b). MR image of slices of both [18F]FDG images (c). Z-score maps
calculated from PMT-PET (d) and SiPM-PET (e) images. MR magnetic resonance, PET positron emission
tomography, PMT photomultiplier tube, SiPM silicon photomultiplier

Figure 5 shows [18F]FDG images and Z-score maps from a 60-year-old female with suspected frontotemporal lobar degeneration. Glucose metabolism was reduced at the left
fontal, temporal, and parietal lobes, the precentral gyrus, striatum, and thalamus on
both Z-score maps. The hypometabolic area in statistical maps was reduced and localized using SiPM-PET. The trend persisted regardless of whether the images derived
from controls or patients (Figs. 4 and 5; Supplements 1 and 2).

Fig. 5 [18F]FDG images and Z-score maps derived from a 60-year-old female with suspected frontotemporal lobar
degeneration. [18F]FDG images (a) and Z-score maps (b) in PMT-PET and [18F]FDG images (c) and Z-score maps (d) in
SiPM-PET. PET positron emission tomography, PMT photomultiplier tube, SiPM silicon photomultiplier
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Discussion
We investigated the potential advantages of a new digital SiPM-PET/CT system, DMI,
by head-to-head comparisons with a conventional PMT-PET/CT system, D710, in
phantom and clinical studies using [18F]FDG imaging. Contrast and uniformity were
better for the SiPM- than the PMT-PET, and image noise was equivalent between
them. The SUVmean was significantly higher in all regions of SiPM-, than PMT-PET images in the clinical study. Z-scores were significantly higher in SiPM- than PMT-PET
images in all regions except the bilateral posterior cingulate.
The timing and spatial resolution is better for PET systems with SiPM than PMT [5,
6, 8, 9]. The timing resolution is improved due to a bright scintillation crystal with
short rise and/or decay times, a low height-width aspect ratio, and a peak emission
wavelength that matches the spectral sensitivity of the SiPM [28]. The timing resolution
of experimental detector system using SiPM is < 200 ps [7, 10], whereas that of the clinical DMI PET system is 375 ps. The timing resolution of other PET systems developed
by Philips and Siemens are 322 and 214 ps, respectively, to use thinner scintillator crystals than our PET system [13, 29]. Commercial clinical SiPM-PET have smaller crystals
(< 4.0 mm) than PMT-PET [13, 17, 29]. The SiPM-PET detector improved the ability
to detect small lesions, and its features can be summarized as better spatial resolution,
timing resolution, and sensitivity than conventional PMT-PET [16–18].
Contrast was better in phantom images acquired using SiPM- than PMT-PET and
slightly improved when using SiPM-PET with TOF. The contrast in this study was better than that we previously found by measured radioactivity in the Hoffman phantom
using a 1-cm circular region of interest (ROI) [17]. Here, we used a JSNM ROI template that covers regions of gray and white matter, and this suppressed spillover from
white matter and increased contrast [23]. The true radioactive distribution ratio in the
Hoffman phantom mimicking the cerebral blood flow ratio of gray to white matter is 4.
However, the gray to white matter contrast measured on PET images was degenerated
by partial volume effects (PVE). The SiPM-PET with a crystal size of < 4 mm decreased
PVE and achieved better contrast than PMT-PET. A smaller voxel size also reduces
PVE in PET images. We reconstructed Hoffman phantom images using a 256 × 256
matrix with 1-mm pixels and evaluated physical indices (Supplement 3). The contrast
was essentially the same between SiPM-PET with a large matrix and clinical conditions
(72.8% vs. 72.4%). The ultimate spatial resolution of PET imaging does not fall below
half the crystal width [12]. The respective detector widths are 3.95 and 4.2 mm for
SiPM-PET and PMT-PET, respectively. We consider that the 128 × 128 matrix with 2mm pixels is valid for clinical applications. The respective detector widths are 3.95 and
4.2 mm for SiPM- and PMT-PET. The improvement in image contrast (23.8%) using
SiPM-PET in the present study was smaller than that in the clinical study of the Philips
SiPM-PET because the scintillator crystals were smaller than those in our detector [20].
However, that study did not find a benefit of TOF with an SiPM-PET system for brain
PET. Nagaki et al. found that contrast in [18F]FDG brain imaging was not improved
using the PMT-PET system at a timing resolution of 555 ps [30]. The sensitivity gain
using TOF was increased as a function of increasing the object size [31]. The timing
resolution was respectively 375 and 544 ps for SiPM- and PMT-PET [16, 21]. These led
to spatial localization along a line of response of 5.8 and 7.5 cm, respectively [17]. We
considered that the SiPM-PET with TOF would improve image contrast more in brain
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PET images, but it was slight. Sluis et al. showed clear demarcation of the striatum and
thalamus using a Siemens SiPM-PET with a timing resolution of 214 ps [13]. Yoshida
et al. developed a brain-dedicated PET system with a timing resolution of 245 ps and generated high-quality images from the Hoffman phantom [32], but did not investigate the
benefit of SiPM-PET with TOF using physical indices in brain imaging. We previously
generated visually improved [18F]FDG brain images using SiPM-PET with TOF [17]. Sluis
et al. evaluated the performance of a Siemens SiPM-PET using NEMA tests and visually
compared [18F]FDG brain images acquired by PMT-PET and SiPM-PET, but did not
physically evaluate the quality of [18F]FDG brain images [13]. The benefit of TOF with a
timing resolution of < 300 ps should be investigated in the future.
Image noise was the same between SiPM-PET and PMT-PET in the present study, although a wider axial FOV contributed to the better sensitivity of DMI compared with the
D710 (200 vs. 157 mm) [17]. The statistical noise at the center slice was higher in SiPMPET than PMT-PET images because the DMI slices were thinner than those of the D710
(2.79 vs. 3.27 mm). The SiPM-PET did not reduce statistical noise under the clinical conditions of 20 MBq of radioactivity and an acquisition duration of 7 min. A trade-off exists
between the sensitivity and timing resolution in SiPM-PET. Smaller crystals applied to reduce timing resolution also reduce sensitivity [28, 32]. The sensitivity was equivalent between the DMI with three detector rings (axial FOV, 150 mm) and the D710 (axial FOV,
157 mm) [33, 34]. Thus, we argue that the optimal method to reduce image noise in
SiPM-PET is to increase the detector ring to extend the axial FOV.
The phantom images acquired by SiPM-PET had better uniformity. The SD was calculated from the mean radioactivity concentration at the center slice and on the slice ±
40 mm from the center of the pool phantom that corresponded to the cerebellum (− 40
mm) and parietal lobe (+ 40 mm) in the human brain [23]. Uniformity can be estimated
as an index of the count stability through the entire axial FOV. Good uniformity means
less statistical noise on PET images at the edge of axial FOV. The SiPM-PET could include a whole brain within its PET axial FOV. The statistical noise was suppressed at
the bottom of the brain such as the pons and cerebellum which were the reference regions used to calculate the SUVR for [18F]FDG [24], amyloid [35, 36], and Tau [37]
PET images acquired using SiPM-PET. Therefore, the SUVR calculated by SiPM-PET
was expected to be stable.
The clinical study showed that the SUVmean was significantly higher using SiPM-PET
than PMT-PET and did not correlate with the delay after injection [38]. The superior
spatial resolution by SiPM-PET not only improved image contrast but also increased
the SUVmean in the cortex [39]. The higher Z-scores determined using SiPM-PET was
affected by a higher SUVmean. CortexID Suite uses three-dimensional stereotactic surface projections (3D-SSP) for statistical image analysis [25]. The SiPM-PET raised the
peak signal on the cortex that was used to analyze the 3D-SSP because small scintillator
crystals in the SiPM-PET reduced PVE in the signal of gray matter [16]. Salvadori et al.
also found better recovery coefficients in SiPM- than PMT-PET even at the same pixel
size (20). On the other hand, the Japanese Alzheimer Disease Neuroimaging Initiative
study found higher [18F]FDG distribution in late (55–60 min) than in early (30–35
min) scans of the frontal and parietal lobes [40]. We also found a higher SUVmean in
the second compared with the first scan of the frontal and parietal lobes. However, the
difference in SUVmean in these lobes did not correlate with elapsed time from injection
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(data not shown). We argue that the SiPM-PET contributes to improving signal loss
resulting from PVE in brain PET imaging.
Significant hypometabolism was detected in the primary visual and visual association
cortices on Z-score maps (Fig. 5d, e). Charles Bonnet syndrome appeared as hypometabolism in the primary visual cortex and hypermetabolism in the visual association cortex on
[18F]FDG PET images [41]. Hypermetabolism was undetectable in the visual association
cortex because this person might have had fewer or milder symptoms of CBS than visual
hallucinations. The statistical hypometabolic areas were reduced and localized by SiPMPET in Z-score maps of controls and patients. The SiPM-PET improved the PVE and
expressed more accurate metabolic distribution than PMT-PET. Misdiagnosis in dementia corrected using 3D-SSP has significantly enhanced the diagnostic confidence of nuclear medicine physicians [42]. False positive findings in the CortexID Suite can be
reduced using SiPM-PET. Thus, [18F]FDG images acquired using SiPM-PET will help to
improve diagnostic outcomes based on statistical image analysis.
The present study has some limitations. We initially investigated a few patients with
neurological disorders. The tendency for Z-scores and hypometabolic areas to differ
was equivalent between SiPM- and PMT-PET images of patients with neurological disorders and controls. The detectability and diagnostic performance of patients with
neurological disorders should be assessed in a larger population of [18F]FDG brain images using SiPM-PET. Secondly, two acquisitions using SiPM- and PMT-PET proceeded in a specific order. Sequential acquisition in inverse order should be applied to
determine actual changes in SUV, although the SUV did not correlate with the amount
of elapsed time from injection in the present study. The normal [18F]FDG database in
the CortexID Suite does not include image data acquired by more recent PET scanners
such as SiPM-PET. The diagnostic performance of the CortexID Suite would certainly
improve with an updated normal database.

Conclusions
The improved spatial resolution and sensitivity of SiPM-PET contributed to better
image contrast and uniformity in brain [18F]FDG images. The SiPM-PET offers better
quality and more accurate quantitation of brain PET images. The SUVmean and Z-score
were higher in SiPM- than PMT-PET due to improved PVE. The [18F]FDG images acquired using SiPM-PET will help to improve diagnostic outcomes based on statistical
image analysis because the SiPM-PET would localize the distribution of glucose metabolism on Z-score maps.
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