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ABSTRACT

Objective: Silicon photomultiplier-based positron emission tomography/computed tomography

(SiPM-PET/CT) has superior spatial resolution to conventional PET/CT (cPET/CT). This head-to-

head comparison study compared the images of physiological 18F-fluorodeoxyglucose (FDG)

accumulation in small-volume structures between SiPM-PET/CT and cPET/CT in patients scanned

with both modalities, and we investigated whether the thresholds that are reported to be useful for

differentiating physiological accumulations from malignant lesions can also be applied to SiPM-

PET/CT.

Methods: We enrolled 21 consecutive patients with head and neck malignancies who underwent

whole-body FDG-PET/CT for initial staging or a follow-up evaluation (October 2020 to March 2022).

After being injected with FDG, all patients underwent PET acquisition on both Vereos PET-CT and

Gemini TF64 PET-CT systems (both Philips Healthcare) in random order. For each patient, the

maximum standardized uptake value (SUVmax) was measured in the pituitary gland,

esophagogastric junction (EGJ), adrenal glands, lumbar enlargement of the spinal cord, and

epididymis. We measured the liver SUVmean and the blood pool SUVmean to calculate the target-

to-liver ratio (TLR) and the target-to-blood ratio (TBR), respectively. Between-group differences in

each variable were examined by a paired t-test. We also investigated whether there were cases of

target uptake greater than the reported threshold for distinguishing pathological from physiological
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accumulations.

Results: Data were available for 19 patients. Ten patients were in Group 1, i.e., the patients who

underwent SiPM-PET first, and the remaining nine patients who underwent cPET first were Group

2. In the SiPM-PET results, the SUVmax of all targets was significantly higher than that obtained by

cPET in all patients, and this tendency was also observed when the patients were divided into Groups

1/2. The TLRs of all targets were significantly higher in SiPM-PET than in cPET in all patients, and

SiPM-PET also showed significantly higher TBRs for all targets except the EGJ (p=0.052).

Conclusions: The physiological uptake in the small structures studied herein showed high

accumulation on SiPM-PET. Our results also suggest that the thresholds reported for cPET to

distinguish pathological accumulations likely lead to false-positive findings in SIPM-PET

evaluations.

Key words: silicon photomultiplier, PET/CT, SUVmax, 18F-FDG
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Introduction

Fully digital positron emission tomography (PET) cameras such as that used in the Vereos

system (Philips, Cleveland, OH, USA) feature small digital silicon photomultipliers (SiPMs) instead

of much larger photomultiplier tubes, providing true digital photon counting with 1-to-1 crystal

coupling [1]. Compared to conventional PET/computed tomography (cPET/CT), SiPM-PET/CT

allows for more accurate quantifications and characterizations of patients with cancer, due to its

improved spatial resolution, system sensitivity, and image contrast [2—6]. The Philips Vereos has a

spatial resolution of 4.2 mm as the full width at half-maximum (FWHM) and a dramatic enhancement

in time-of-flight (TOF) resolution compared to Gemini TF PET (Philips) systems [7].

The improved performance of SiPM-PET/CT has enhanced the ability to detect lesions <1 cm

in size in patients with malignant tumors [8—10], and thus even areas showing physiologic

accumulation may be seen as hyperaccumulation in structures with a small volume, i.e., <I cm. In

patients with malignancies plus multiple metastases, such accumulations may be misidentified as

metastatic lesions, and the degree of accumulation needs to be identified. In addition, many of the

indices that have been reported to be useful for differentiating physiological accumulations from

malignant lesions were obtained with the use of cPET, and we speculated that these values are

unlikely to be readily applicable to SiIPM-PET/CT.

We conducted the present study to: (i) compare the imaging of physiological FDG
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accumulations in small-volume structures of cancer patients scanned with both SIPM-PET/CT and

cPET, and (if) determine whether the thresholds reported as useful for differentiating physiological

accumulations from malignant lesions are also applicable for use with SIPM-PET/CT.

Patients and Methods

This study was a retrospective analysis of data obtained in a prospective study approved by

the Ethical Review Committee of our institution (#020-0170). The requirement for patients' written

informed consent was waived. Twenty-one consecutive patients with head and neck malignancies

who underwent whole-body FDG PET/CT for initial staging or a follow-up evaluation between

October 2020 and March 2022 at our institution were included in the study.

FDG-PET/CT acquisition and reconstruction

All patients fasted for >6 hours prior to PET/CT scanning. The PET images were acquired

with both a Vereos PET-CT and a Gemini TF64 PET-CT system (Philips Healthcare, Cleveland, OH)

in random order. After the patient underwent blood glucose testing indicating the absence of

hyperglycemia, and 60 minutes after a single injection of 4.5 MBq/kg FDG, he or she underwent

imaging on the first scanner and then on the second scanner (Fig. 1); more details about the interval

between scans is provided below. During these scans, the patient's head was held by a headrest to
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restrict head motions. The scans were acquired during mid-expiration. No oral or intravenous contrast

agent was administered.

For the patients' Gemini TF examinations, the parameters for the CT were 120 kVp, pitch of

0.671, 30 mAs, and 4-mm slice thickness. For the PET scanning, the matrix size was 144 x 144; the

voxel size was 4.0 x 4.0 x 4.0 mm. The scan time per bed position was 2.0 min/bed. Images were

reconstructed using the blob-based ordered subset expectation maximization (OSEM) algorithm

reinforced with the TOF algorithm. Point-spread-function (PSF) correction was not applied.

For the patients' Vereos examinations, the parameters for the CT were 120 kVp, pitch of 0.828,

26 mAs, and 2-mm slice thickness. For the PET scanning, the matrix size was 288 x 288; the voxel

size was 2.0 x2.0x2.0 mm. The scan time per bed position was 2.0 min/bed. Images were

reconstructed using the blob-based OSEM algorithm. Both the TOF algorithm and PSF correction

were applied.

FDG PET/CT analysis

The 21 patients' PET/CT data were evaluated by the same board-certified nuclear medicine

physician (S.W.). All PET scans were first visually analyzed using a standardized uptake value (SUV)

readout scale of 0—4 g/mL in Metavol software [11]. For each patient, the maximum standardized

uptake value (SUVmax) was measured in the pituitary gland, esophagogastric junction (EGJ),
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adrenal glands, lumbar enlargement of the spinal cord (LE), and epididymis. A spherical volume of

interest (VOI) with a 3-cm diameter was set in the right lobe of the liver as a reference region to

calculate the liver SUVmean, and a spherical 5-mm-dia. VOI was set in the descending aorta; the

blood pool SUVmean was calculated. The target-to-liver ratio (TLR) was calculated by dividing the

target SUVmax by the liver SUVmean. The target-to-blood ratio (TBR) was calculated by dividing

the target SUVmax by the blood pool SUVmean.

Patients' head MRI and upper gastrointestinal endoscopy performed within the 6 months prior

to the PET examinations, if available, confirmed structural abnormalities in the pituitary gland and

EGJ. Bilateral adrenal and LE and bilateral epididymis were confirmed by CT for attenuation-

correction findings of structural abnormalities.

We also investigated whether there were cases of target uptake that was greater than the

reported thresholds for distinguishing pathological from physiological accumulations shown. The

threshold values of SUV were set at 4.1 for the pituitary [12], SUVmax 5.2 for adrenal glands [13],

5.0 for testis [14], and 3.5 for EGJ [15]. Since there was no corresponding report of an SUV threshold

for the epididymis, we used reports concerning the testis instead. We were also unable to examine

LE thresholds because we could not find any reports concerning an LE threshold.

Statistical analysis



SiPM vs. conventional PET in FDG 7

All values are expressed as the mean =+ standard deviation. We divided the patients into two
groups according to the order of PET/CT imaging; in Group 1, the SiPM-PET/CT was performed
first and in Group 2, the cPET/CT was performed first. All data were analyzed with JMP® Version
16.0 software (SAS Institute Inc., Cary, NC, 1989-2023). Each variable between the two groups was

compared by a paired t-test. The level of significance was p<0.05.

Results

Of the total of 21 patients, two patients could not continue the examination with the second
scanner due to severe cough and severe neck pain, respectively, and SiPM-PET data were not
obtained; data were thus available for 19 patients. The patients' characteristics are summarized in
Table 1. There were 15 males (78.9%) and 4 females (21.1%) aged 61.7 = 11.8 years. The purpose of
FDG PET/CT imaging was initial staging in 12 patients (63.2%) and follow-up evaluation in 7
patients (36.8%). Ten patients (52.6%) were in Group 1, i.e., they underwent scanning with SiPM-
PET first, and the remaining nine patients (47.4%) were in Group 2, in which cPET scanning was
performed first. After FDG administration, the first scan was performed at 59.9 +2.8 min and the
second scan was performed at 105.4 4.1 min. The mean time delay between the two scans was
45.5+ 3.3 min.

Brain MRI had been performed within the prior 6 months in 13 of the 19 patients (68.4%), and
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no structural abnormality of the pituitary gland was noted in any patient. Upper endoscopy was

performed in 15 of the 19 patients (78.9%): gastroesophageal reflex disease was identified in seven

patients (46.7%), and stage 0 esophageal cancer at the lower thoracic region was detected in one

patient (6.7%). Adrenocortical nodular hyperplasia and adrenocortical adenoma were each observed

in a single patient (5.3%). There was no CT abnormality in the LE of the spinal cord or bilateral

epididymis.

Quantitative analysis

In the patients' SiPM-PET results, the SUVmax was significantly higher than that obtained

with cPET in any targets in the entire patient series (Fig. 2). This tendency was also observed when

the patients were divided into Groups 1 and 2 (Table 2).

The comparison of the liver and blood pool SUVmean values between the SiPM-PET and

cPET in all patients revealed no significant difference. However, in the analysis of the patients

divided into Group 1 and Group 2, the SUVmean was significantly higher in the first scanner in both

groups (Table 2).

The TLRs obtained by SiPM-PET were significantly higher than those obtained by cPET in

all of the targets in all patient groups (Fig. 3a). The TBRs from SiPM-PET were also significantly

higher for all targets except the EGJ (p=0.052) (Fig. 3b). In Group 1, the pituitary, adrenal, and LE
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TLRs were significantly higher in SiPM-PET, whereas the epididymis TBR was significantly higher

in cPET. In Group 2, in contrast, the TLRs and TBRs of all targets were significantly higher on SiPM-

PET (Tables 3, 4).

Reevaluation of the reported threshold

The pituitary of five patients (26.3%) showed an SUVmax above the reported threshold in

their SIPM-PET results (four patients underwent SiPM-PET as their 1st scan, and the other did so as

the 2nd scan), whereas the cPET results of all of the patients showed an SUVmax above the reported

threshold. There were no cases of accumulation in the adrenal gland that exceeded the threshold

SUVmax 5.2. In six patients (40.0%), the epididymis accumulation exceeded the threshold in the

imaging by SiPM-PET (one patient as the Ist scan and five in the 2nd scan). Accumulation in the

EJG exceeded the threshold in four (21.1%) patients' SiPM-PET images (all four: 2nd scan) and in

one (5.3%) patient's cPET images too (1st scan). The images of representative patients are presented

in Figures 4 and 5.

Discussion

All of the physiological accumulation sites in the small-volume structures examined herein

showed high FDG accumulation in SiPM-PET images. This was true not only for the SUVmax but
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also for the TBR and TLR, and it was independent of the order of the patients' SIPM-PET and cPET

examinations. Our results also suggest that the cPET thresholds that have been reported for

distinguishing pathological accumulations are likely to result in false positives when adapted for

evaluations of SiPM-PET images.

Our observation of higher accumulations shown by SiPM-PET in the evaluations of lesion

accumulations based on imaging modalities provided by various vendors is generally consistent with

previous reports [3,6,9,16-20]. Factors that determine the SUV include hardware differences (e.g.,

the field-of-view length and TOF performance) and software differences (e.g., the image

reconstruction method, PSF availability, matrix size, and uptake and acquisition times). In particular,

the spatial resolution (4.0 mm for the Vereos PET-CT and 4.8 mm for the Gemini TF64 PET-CT) and

the temporal resolution at TOF (322 ps for Vereos PET-CT and 502 ps for Gemini TF64 PET-CT) are

superior in the Vereos PET-CT system used herein compared to the Gemini TF64 PET-CT system,

resulting in an improved signal-to-noise ratio (SNR) and improved contrast [7].

Lopez-Mora et al. evaluated 22 patients and reported that the lesions that were not detected by

analog PET/CT but were detected by digital PET/CT were all <10 mm [9]. Since the lesions that we

examined in the present study are all small in structure, we speculate that our results involve the same

mechanism as that involved in the earlier reports that small lymph node metastases and distant

metastases can be detected more frequently on SiPM-PET. As SiPM-PET continues to become more
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commonly used, we should be aware that physiologic hyperaccumulations may be observed, unlike

the cPET accumulations identified previously.

In the present series of patients, there was a significant difference in the SUVmax for each

target between the two systems, whether SIPM-PET or cPET was performed first. This may be

because the uptake into the structures studied herein was essentially physiological glucose

metabolism, with little effect of delayed uptake. The SUVmean values in the mediastinal blood pool

and liver were not significantly different between the two systems but was lower in the patients'

second scanner. This may be ascribed to a temporal decrease in vascular activity due to the continuous

clearance of FDG by the kidneys [3]. Importantly, the quantification performance of the Vereos PET-

CT and Gemini TF64 PET-CT systems was comparable, and thus the TBRs and TLRs were also

higher on SiPM-PET with its improved spatial resolution, but the cPET images when performed as

the second PET examination may present TLRs and TBRs that are similar to those obtained by SiPM-

PET due to the reduced uptake of FDG into the blood pool and liver.

The above discussion indicates that the SUVmax, TLR, and TBR are high in evaluations using

SiPM-PET. It should be noted that when obtained in routine practice, these values are higher in the

new SiPM-PET imaging of patients who have been previously imaged with cPET. In addition, the

thresholds that have been reported to be useful for distinguishing benign and malignant states are

based on cPET and produced false positives in up to 40% of our study population. In the pituitary
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gland, because benign tumors of pituitary adenomas are also hyperaccumulated, tumorigenic and

inflammatory changes as well as stress have been proposed as thresholds for hyperaccumulation, i.e.,

an SUV >5.0 [12]. However, in the present SiPM PET examinations, the results for five patients

(26.3%) were false positive despite being nonpathological. Evaluations that derive the SUV, TLR,

and/or TBR should be considered, as there is a high overlap between physiological and pathological

uptakes, and the presence of organic abnormalities should also be evaluated with multimodality.

Study limitations are as follows. The number of patients was small (n=19); however,

statistically significant differences in the patients' data were identified. In addition, not all of the

patients were adequately investigated for organic lesions. Our study included head and neck

malignancies, and the intensity of physiologic accumulation may be different in healthy subjects. In

the two sets of PET images compared in this study, the reconstruction method differed with and

without PSF or the matrix size, but this was due to the vendor's default settings in both systems. Other

conditions were kept the same as much as possible, but differences in the SUV may be due to these

reconstruction methods as well as differences in the equipment. One may argue that the different

matrix sizes of reconstructed images might have caused the different SUVmax measured. However,

when 2mm was selected as the voxel size for the Gemini TF64 PET-CT, post-reconstruction

smoothing must be needed due to poor SNR. In contrast, the Vereos PET-CT has better SNR than the

TF due to its improved TOF performance, which allows image reconstruction with 2mm voxel. The
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present comparison of FDG evaluation between the systems under optimized clinical conditions may

be valuable.

In conclusion, the physiological uptake in the small-volume structures analyzed herein showed

high accumulation in SiPM-PET. The results also suggest that the thresholds reported for cPET to

distinguish pathological accumulations are likely to lead to false-positive findings in SIPM-PET

evaluations. It is important to note that accumulations on SiPM-PET can appear pathological if not

interpreted with care, especially in patients with carcinoma.
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Figure Legends

Fig. 1. The FDG-PET/CT protocol performed on the two PET systems (Vereos and Gemini TF).

Fig. 2. The distribution of maximum standardized uptake (SUVmax) values in the target structures

measured by the two PET systems. EGJ: esophagogastric junction.

Fig. 3. Comparison of (a) the target-to-liver ratio (TLR) and (b) the target-to-blood ratio (TBR) with

SiPM PET and c¢PET in small structures.

Fig. 4. Typical images of the pituitary gland. SiPM PET images at the pituitary level (a), PET-CT

fusion images (b), PET images on cPET (c¢), and PET-CT fusion images (d). This patient was first

scanned with SiPM-PET, which showed an accumulation with SUVmax 4.69, TLR 1.57, and TBR

3.15 on SiPM PET, and SUVmax 2.91, TLR 1.04, and TBR 3.18 on cPET in the pituitary gland. The

SiPM PET images showed more nodular and clear accumulation.

Fig. 5. Typical images of lumbar enlargement (LE) of the spinal cord. Spinal cord-level sagittal CT

image (a), SiPM PET image (b), and cPET image (c). The patient was first scanned by cPET, which
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showed an accumulation with SUVmax 3.80, TLR 1.83, and TBR 3.06 on SiPM PET and SUVmax

2.02, TLR 0.82, and TBR 1.14 on cPET in the LE of the spinal cord. The SiPM PET image showed

more nodular and clear accumulation.
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Table 1. Characteristics of the 19 patients with head/neck malignancies whose data were complete

Age, FDG, PET 1st 2nd
No. Sex Type of cancer
yrs MBg/kg order scan scan
1 M 56 4.33 Cancer of unknown primary Group 1 58 94
2 M 56 4.47 Hypopharyngeal cancer Group 2 60 106
3 M 70 4.45 Hypopharyngeal cancer Group 1 60 106
4 F 22 4.61 Submandibular adenocarcinoma Group 2 61 105
5 M 75 4.58 Nasopharyngeal cancer Group 1 59 111
6 M 62 4.47 Oropharyngeal cancer Group 2 60 107
7 M 67 4.46 Hypopharyngeal cancer Group 1 58 102
8 M 70 4.41 Maxillary sinus cancer Group 1 59 111
9 M 69 4.37 Oropharyngeal cancer Group 2 62 107
10 F 61 4.44 Thyroid cancer Group 1 63 107
11 F 65 4.21 Maxillary sinus cancer Group 2 67 110
12 M 77 4.48 Tongue cancer Group 1 56 101
13 F 54 4.63 Oropharyngeal cancer Group 2 60 104
14 M 56 4.31 Hypopharyngeal cancer Group 2 58 107
15 M 59 442 Laryngeal cancer Group 1 57 101
16 M 55 4.39 Nasopharyngeal cancer Group 1 58 104
17 M 75 4.24 Nasopharyngeal cancer Group 1 65 110
18 M 66 4.35 Nasopharyngeal cancer Group 2 61 108
19 M 57 4.32 Nasopharyngeal cancer Group 2 56 101

Group 1: SiPM PET/CT performed first, Group 2: cPET/CT performed first.



Table 2. Comparison of SUVs with SiPM PET and cPET in small structure

uptake
Scanner
Location SiPM PET cPET p-value
order
o Group 1 382 + 1.07 262 + 053 0.001
Pituitary
Group 2 351 + 091 250 + 0.51 0.004
Group 1 293 + 070 218 + 043 <0.001
Adrenal glands
Group 2 319 + 075 215 % 0.27 <0.001
Lumbar enlargement Group 1 294 + 058 218 + 0.31 <0.001
of the spine cord Group 2 337 £ 048 199 = 0.14 <0.001
Group 1 408 + 076 329 * 055 <0.001
Epididymis
Group 2 532 + 0.70 286 * 0.21 <0.001
Esophagogastric Group 1 301 £ 035 236 = 0.34 <0.001
junction Group 2 385 £ 194 257 + 0.72 0.030
Group 1 265 + 033 230 * 0.36 <0.001
Liver, SUVmean
Group 2 207 + 028 245 + 0.26 <0.001
Group 1 155 + 016 1.15 + 0.18 <0.001
Blood pool, SUVmean
Group 2 109 + 014 146 = 0.17  0.001

Data are mean * standard deviation (SD). Group 1: SiPM PET/CT performed first, Group
2: cPET/CT performed first. cPET: conventional PET, SiPM PET: silicon photomultiplier-

based PET, SUV: standardized uptake value, SUVmean: mean standardized uptake

value.



Table 3. Comparison of the target-to-liver ratio (TLR) with SiPM PET/CT and

cPET/CT in small structure uptake

Scanner

Location SiPM PET cPET p-value
order
Group 1 144 + 036 115 + 0.22 0.008
Pituitary
Group 2 168 + 0.28 1.02 + 0.15 <0.001
Group 1 111 + 022 096 + 0.17 <0.001
Adrenal gland
Group 2 154 + 025 089 + 0.14 <0.001
Lumbar enlargement Group 1 111 + 017 097 %= 0.19 0.039
of the spine cord Group 2 164 + 024 082 + 0.12 <0.001
Group 1 156 + 023 146 + 023 0.146
Epididymis
Group 2 246 + 042 111 = 0.09 <0.001
Esophagogastric Group 1 115 + 023 1.05 £+ 0.20 0.054
junction Group 2 184 + 0.80 105 + 0.26  0.007

Data are mean £ SD. Group 1: SiPM PET/CT performed first, Group 2: cPET/CT
performed first. cPET: conventional PET, SiPM PET: silicon photomultiplier-based

PET.



Table 4. Comparison of the target-to-blood ratio (TBR) with SiPM PET/CT
and cPET/CT in small structure uptake

Scanner

Location SiPM PET cPET p-value
order
Group 1 245 + 059 232 + 0.51 0.39
Pituitary
Group 2 327 + 086 1.74 + 042 <0.001
Group 1 188 + 0.37 193 = 043 0.588
Adrenal gland
Group 2 299 + 083 149 + 022 <0.001
Lumbar enlargement Group 1 191 + 041 197 = 0.54 0.589
of the spine cord Group 2 317 £+ 069 138 = 0.20 <0.001
o _ Group 1 267 + 037 295 + 057 0.039
Epididymis
Group 2 505 + 099 196 + 0.17 0.002
Esophagogastric Group 1 196 + 0.32 210 += 0.38 0.231
junction Group 2 373 + 237 178 £+ 053 0.023

Data are mean £ SD. Group 1: SiPM PET/CT performed first, Group 2: cPET/CT

performed first. cPET: conventional PET, SiPM PET: silicon photomultiplier-based

PET.
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