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Abstract

Purpose: Newer high-performance time-of-flight (TOF) positron emission tomography (PET)
systems have the capability to preserve diagnostic image quality with low count density, while
maintaining a high raw photon detection sensitivity that would allow for a reduction in injected dose or
rapid data acquisition. To assess this, we performed quantitative and visual assessments of the PET
images acquired using a highly sensitive (23.3 cps/kBq) large field of view (25-cm axial) silicon
photomultiplier (SiPM)-based TOF PET (400-ps timing resolution) integrated with 3 T-MRI in
comparison to PET images acquired on non-TOF PET/x-ray computed tomography (CT) systems.
Procedures: Whole-body 2-deoxy-2-['®FIfluoro-D-glucose (['®F]JFDG) PET/CT was acquired for 15
patients followed by whole body PET/magnetic resonance imaging (MRI) with an average injected
dose of 325 + 84 MBq. The PET list mode data from PET/MRI were reconstructed using full datasets
(4 min/bed) and reduced datasets (2, 1, 0.5, and 0.25 min/bed). Qualitative assessment between PET/
CT and PET/MR images were made. A Likert-type scale between 1 and 5, 1 for non-diagnostic, 3
equivalent to PET/CT, and 5 superior quality, was used. Maximum and mean standardized uptake
values (SUV nax and SUV ean) 0f normal tissues and lesions detected were measured and compared.
Results: Mean visual assessment scores were 3.54 + 0.32, 3.62 + 0.38, and 3.69 + 0.35 for the brain
and 3.05 +0.49, 3.71 £ 0.45, and 4.14 + 0.44 for the whole-body maximum intensity projections (MIPs)
for 1, 2, and 4 min/bed PET/MR images, respectively. The SUV ean values for normal tissues were
lower and statistically significant for images acquired at 4, 2, 1, 0.5, and 0.25 min/bed on the PET/MR,
with values of — 18 + 28 % (p<0.001), — 16 + 29 % (p=0.001), — 16 + 31 % (p=0.002), — 14 + 35 %
(p<0.001), and — 13 £ 34 % (p=0.002), respectively. SUV max and SUV ¢4 values of all lesions were
higher and statistically significant (p<0.05) for 4, 2, 1, 0.50, and 0.25 min/bed PET/MR datasets.
Conclusion: High-sensitivity TOF PET showed comparable but still better visual image quality even
at a much reduced activity in comparison to lower-sensitivity non-TOF PET. Our data translates to a
seven times reduction in either injection dose for the same time or total scan time for the same
injected dose. This “ultra-sensitivity” PET system provides a path to clinically acceptable extremely
low-dose FDG PET studies (e.g., sub 1 mCi injection or sub-mSv effective dose) or PET studies as
short as 1 min/bed (e.g., 6 min of total scan time) to cover whole body without compromising
diagnostic performance.
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Introduction

Over the years, there have been steady technological advance-
ments made to the positron emission tomography (PET)
detectors to improve the imaging performance. Improvements
in hardware such as fast photodetectors, along with fast
scintillation crystals such as lutetium-based scintillators (e.g.,
lutetium orthosilicate and Iutetium-yttrium oxyorthosilicate)
and fast computing for image reconstruction algorithms have
improved the time-of-flight (TOF) performance and its
adoption in clinical PET imaging [1, 2].

In conventional PET imaging, lines of response (LOR) are
obtained at multiple angles to construct a tomographic image
through an iterative process. With TOF PET, in addition to
determining the LOR for each annihilation event, it measures
the time each coincidence photon was detected and calculates
the arrival time difference. This difference helps determine the
position of annihilation along the LOR and thus help improve
the image signal-to-noise ratio (SNR) [1].

Most of the current clinical TOF PET detectors have a
timing resolution of about 500—600 ps [1]. There has been a
gradual improvement in the TOF performance, from a
timing resolution of 585 ps to less than 400 ps [1, 3].
Another recent clinical TOF PET (Vereos, Philips
Healthcare) using one-to-one matching crystal to silicon
photomultiplier (SiPM) readout reports 316 ps on average
timing resolution of TOF [4], which is considered the
current state-of-the-art among commercially available PET/
x-ray computed tomography (CT) systems. In research
settings, there has been active development of prototype
systems that further push the limits of timing resolution and
the ability to accurately quantify the number of counts and
allowing for ultrafast acquisition times [5—7].

The sensitivity gain from improved TOF performance is
related to the object size, so that the greatest gain is found in
heavier patients. With non-TOF PET detectors, imaging
heavier patients has been difficult, as attenuation renders poor
quality images resulting in lower lesion detectability. Recent
studies have shown TOF PET improves overall image quality
and results in a significant SNR gain in patient studies [8—10].
Improved SNR has demonstrated better lesion detection,
especially in a higher background setting [11-13]. TOF images
acquired at 40 % lower scan time than the conventional non-
TOF images were comparable in lesion detection [13—15]. Ina
study examining the impact of TOF in ['*F]fluorocholine PET/
CT prostate cancer patients by Hausmann et al., additional
lesions were detected using TOF PET and the demarcation
quality of the lesions was also improved [16]. However, most
of these TOF vs. non-TOF comparison studies were based on
TOF PET systems with 500-600 ps timing resolution.

More recently, the PET subsystem of an integrated PET/
magnetic resonance imaging (MRI) system (SIGNA PET/MR,
GE Healthcare) using SiPM as its PET photodetector showed
TOF performance with a timing resolution of less than 400 ps.
In addition, this PET/MRI system maintains a thick crystal
(25 mm) with a large axial coverage (25 cm) so that its raw
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photon detection sensitivity at the center of field of view (FOV)
is reported at 23.3 cps/kBq [17]. The combination of high
sensitivity and good TOF timing resolution should be able to
capture reasonably reconstructed clinical images with much
less activity than normally performed using a non-TOF PET
scanner that also does not have the high sensitivity. The
utilization of 500 ps TOF PET has already allowed adminis-
tered activity to be at least 30 % lower [14] than when imaging
with a non-TOF PET detector. The effective dose received by a
patient during a 2-deoxy-2-['*F]fluoro-D-glucose (['*F]JFDG)
PET scan is 0.7 mSv/mCi [18] and with current ongoing
advancements in TOF technology, we can expect a significant
reduction in the injected activity along with faster imaging.

The purpose of this study is to compare the PET images
obtained from non-TOF PET/CT scanners with the PET
images obtained from TOF PET/MR using metrics like
standardized uptake values (SUVs), visual image quality
assessment, and lesion detection capability. We believe that
the highly sensitive, large axial field of view (25 cm) SiPM-
based TOF-PET (400 ps timing resolution) offers the
possibility of extremely low-dose or extremely rapid
diagnostic-quality images.

Materials and Method

The study was approved by the local institutional review board
(IRB), and a written informed consent was obtained from all
patients before the examinations. Fifteen patients scheduled for
a clinically indicated ['"®FJFDG PET/CT were recruited as part
of this study. PET/MR studies were performed immediately
following the whole-body ['*F]JFDG PET/CT. There was no
second administration of ['*F]FDG for PET/MRI studies.

All PET scans were acquired using the standard clinical
protocol at our institution. Patients were injected with the
standard activity of ['*F]JFDG (5.2 MBg/kg). Prior to
radiotracer injection, all patients fasted for at least 6 h, and
blood glucose was checked to confirm levels less than
200 mg/dl. A total of 15 patients were selected (7 females).
The average age of the participants was 61 + 12 years
(ranging from 29 to 81 years) and had a mean weight of
78.75 + 20.18 kg (ranging from 50 to 120 kg). All PET/CTs
were referred for oncologic indications including; melanoma
(10 subjects), diffuse large B cell lymphoma (2 subjects),
ovarian cancer (rising tumor markers), metastatic gastroin-
testinal stromal tumor, and metastatic cholangiocarcinoma.
The average ["*FIFDG dose injected was 325 + 84 MBq.
We used the effective dose of 0.019 mSv/MBq relationship
to calculate the radiation exposure to each subject due to the
injected ['*F]JFDG [19]. PET/CT images were acquired after
a mean uptake time of 65 + 10 min. PET/MR images were
acquired 152 + 27-min post ["*F]JFDG injection. Three
patients did not fully complete the PET/MR examination.
Head and neck imaging was performed on all 15 patients.
Two patients did not complete chest, abdomen, and pelvis,
and one did not complete abdomen and chest but did
complete head, neck, and pelvis.
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PET/CT Technique

PET/CT examinations were either performed on Discovery
VCT PET/CT (GE Healthcare) or Biograph HiRez 16
(Siemens Healthcare). The PET/CT scanners utilized for this
study do not have TOF capability and were previously
calibrated with standardized phantoms. Our standard PET
acquisition is eight bed stations to cover the vertex of the skull
to mid-thigh and 3—4 min per bed station. PET reconstructions
were performed using the vendor-provided iterative recon-
struction algorithm using CT-based AC with a matrix of 168 x

168 and a slice thickness of 5.00 mm for images acquired on
the Biograph HiRez 16 and a matrix of 128 x 128 with a slice
thickness of 3.27 mm for images acquired on the Discovery
VCT PET/CT. Helical CT scans were performed for PET
attenuation correction (AC) and reconstructed with a transverse
FOV of 500 or 700 mm, a slice thickness of 3.75 (Discovery
VCT) or 5.00 mm (Biograph HiRez 16), and a matrix size of
512 x512. Eleven subjects were imaged on the Discovery
VCT and four on the Biograh HiRez 16.

PET/MR Technique

Patients were all screened for MRI compatibility per department
MRI safety protocol for any contraindications or claustrophobia
prior to being enrolled. Immediately upon completion of the
PET/CT, the TOF-PET/MR acquisition was performed on
SIGNA PET/MR (GE Healthcare). The PET system has a
cylindrical geometry and consists of LY SO scintillator crystals
paired with SiPMs. The timing resolution of this scanner as per
the manufacturer is less than 400 ps. The details of this scanner
have been reported in previous studies [17]. A total of six bed
stations were acquired per patient to cover the vertex of the skull
to the mid thighs. Each PET bed station took 4 min, with a
transverse matrix of 192 x 192 and a slice thickness of 2.78 mm.
While PET data were acquired, a 3D dual-echo, spoiled gradient
echo sequence with two-echo-based Dixon fat-water separation
was acquired using combination of a head and neck coil and
two body coils. The atlas-based AC including the pre-
determined head coil in the attenuation map was applied to
PET reconstruction for the head region, and the Dixon images,
but not including the body coils, were used to calculate the
attenuation map for AC in PET reconstruction of the body other
than the head. This sequence generated volumetric images of in-
phase, out-phase, fat, and water with a transaxial FOV of
500 mm, a slice thickness of 5.2 mm, a slice spacing of 2.6 mm,
and a matrix size of 256 x 256 x 120 per each bed station.
Because of the smaller transverse FOV from the Dixon MRI,
the truncation resulted from Dixon-based attenuation map was
compensated from the boundaries defined by PET reconstruc-
tion without AC. The MRI images for MR-based attenuation
correction (MRAC) were acquired simultaneously with PET,
and were less than 20 s per bed position.

PET reconstruction was performed using TOF and MRAC
acquired from the two-echo Dixon fat-water separation. In
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order to simulate the low-dose/fast-acquisition schemes, five
additional unique PET datasets were reconstructed by includ-
ing only a portion of the acquired data from the listmode data: 4
(100 % of the data), 2 (50 %), 1 (25 %), 0.5 (12.5 %), and 0.25
(6.25 %) min per bed station. PET images were performed with
TOF-OSEM with two iterations and 28 subsets. The dataset of
one subject included 3, 2, 1, 0.5, and 0.25 min/bed reconstruc-
tions and these 3-min images were grouped with the 4 min/bed
image dataset.

Image Review

Qualitative Assessment Full-body maximum intensity pro-
jection (MIP) images and a single axial PET image through the
level of the thalamus was created. Each patient’s PET/CT MIP
and axial PET image was then compared to various PET/MR
time point (100 % of the data to 6.25 %) reconstruction. The
PET/CT was considered the reference standard to be classified
as diagnostic. A dual board-certified (in diagnostic radiology
and nuclear medicine) physician with over 30 years of reading
PET, a dual board-certified junior attendee with 10 years of
experience, and a nuclear medicine resident with 5 years of
experience compared the PET/CT to the various PET/MR
images obtained from the full datasets and the subsets of them.
Each PET/MR was compared to the PET/CT from the same
patient. The readers knew the identity of the scan from the PET/
CT and PET/MR, but were blinded to the amount of the
datasets used (full or subset). They scored each set of times on a
Likert-type scale 1 to 5: 1 =non-diagnostic, 2 = quality less
than PET/CT, 3 =equal to PET/CT, 4=quality better than
PET/CT, and 5 = significantly better quality than PET/CT and/
or new lesions seen. To avoid potential recall, the images were
randomized and only PET images of both modalities were
reviewed.

PET Analysis A fellowship-trained radiologist in nuclear
medicine with over 10 years of reading PET reviewed each
PET study on an OsiriX v8.0. MIP, axial, sagittal, and
coronal PET images and fused images were reviewed. For
the PET/CT, PET images were fused with the diagnostic CT
images performed during the same examination. For the
PET/MR studies, PET images were fused with both the T1-
and T2-weighted axial MRI images obtained during the
PET/MR examination. A 1-centimeter volume of interest
was drawn over normal tissue that included the right
cerebellar hemisphere, right parotid gland, humeral head,
lung, ascending aorta, gluteal fat, and gluteal muscles for the
PET from the PET/CT as well as each time point from the
PET/MR reconstructions. The SUV .« and SUV ., values
were recorded. For each PET study, the location, SUV .«
and SUV e, of each PET avid lesion were recorded for each
patient. PET-positive lesions were considered positive if it
was clearly seen above adjacent soft tissue and had a clear
cross sectioning correlate.
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Statistical Analysis The SUV mean and maximum values
of PET/MR images at each duration, 4, 2, 1, 0.50, and
0.25 min were compared to the SUV’s of the PET/CT
images acquired at 4 min using a two-tailed paired ¢ test.
Difference in SUVinean, SUVax, and SUV e, were com-
pared between PET/CT and each PET/MR dataset and
treated as separate outcomes. Bonferroni’s correction was
utilized for multiple comparisons. A p value smaller than
0.05 was considered statistically significant when evaluating
normal tissue and the detected lesions on the two different
PET scanners.

Results

Based on effective dose of 0.019 mSv/MBq estimation for
FDG, the mean radiation exposure for our subjects, excluding
the additional dose from CT, was 6.2 + 1.6 mSv, ranging from
3.7 to 8.9 mSv.

Qualitative Results

Results of the quality assessment are summarized in Table 1.
Overall, PET/MR image quality was considered equal to that
of the compared PET/CT even at 1 min/bed data (equivalent
total PET acquisition time =6 min) for the whole-body MIP
images with a mean score of 3.05 £ 0.49. For the 2 min/bed
(equivalent total PET acquisition time + 12 min) reconstruc-
tions, the axial image through thalamus resulted in a mean
score of 3.62 + 0.38 in the quality assessment. The visual
assessment comparison is compiled in Figs. 1 and 2.

SUV Analysis

Normal Tissue The SUV,,, values for all the normal tissue
examined are lower for the 4- and 2-min PET/MR images, —
13 £ 35 % (p=10.044) and — 6 + 35 % (p=6.168) and higher
for the 1, 0.5, and 0.25 min/bed images, 11 £43 % (p =0.080),
40 £ 79 % (p<0.001), 74 = 95 % (p<0.001), respectively,
when compared to the SUV,,,,x from the standard PET/CT
images. The difference between these values was statistically
significant except for the SUV . values of the 4, 2, and 1 min/
bed PET/MR images. For image acquisitions, less than 1 min/
bed had increasing noise that resulted in increased SUV ..
variability. SUV ,e.n values, on the other hand, for normal

Table 1. Results of the quality assessment
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tissues were lower and statistically significant for images
acquired at 4, 2, 1, 0.5, and 0.25 min/bed on the PET/
MR(TOF), with values of — 18 £ 28 % (p < 0.001), — 16 =29 %
(»=0.001), =16 + 31 %(p=10.002), — 14 + 35 % (p < 0.001),
and — 13 £ 34 % (p=0.002), respectively.

The overall PET/MR SUV,,.. values for normal tissues
were lower, with the exception of brain and parotid, where
there was no significant difference from the PET/CT. As
mentioned before, the SUV ,,¢an Values were significantly lower
on all PET/MR and significantly different for humerus, aorta,
lung, spleen, and liver than the PET/CT.

Lesions  Abnormal uptake on either PET/CT or PET/MR was
seen on & patients out of 15. A total of 41 lesions were detected.
One cutaneous lesion in the head and neck region was not seen
on the PET/CT but seen on the PET/MR at 4, 2, and 1 min/bed
reconstructed images. The number of lesions detected are
summarized in (Table 2).

For each lesion, the volume, the SUV e, and SUVean
values were measured. Five of these lesions had either total
metabolic volumes less than 1 cm or uptake similar to
background on the PET/CT for SUV,cu and SUViean
measurements. For these lesions, the SUV ., was higher on
the PET/MR images. The SUV .. values of all lesions detected
on the PET/MR TOF were higher and statistically significant
(»<0.001) for 4, 2, 1, 0.50, and 0.25 min/bed images, 56 + 66,
65 £ 69, 77 £ 69, 101 £ 81, and 116 = 86 %, respectively,
compared to PET/CT. The SUV . values for all lesions seen
the images acquired on the PET/MR TOF 4, 2, 1, 0.50, and
0.25 min images were 39 + 43 % (p<0.001), 43 + 48 %
(p<0.001), 48 +49 % (p<0.001), 48 + 52 % (p = 0.003), and
40 + 48 % (p =0.007), respectively.

Discussion

In this study, we evaluated the performance of the TOF PET/
MR in comparison to non-TOF PET/CT PET detectors, and the
large axial field of view of TOF PET/MR. We assessed the
image quality and conducted region of interest (ROI)-based
analysis of normal tissues and detected lesions. The images
acquired with the TOF PET/MRI are greater in overall image
quality when compared to that of PET/CT. PET/MR images
acquired at the at the same duration as the PET/CT (total of
24 min of PET acquisition: 4 min/bed for six beds for PET/

0.25 min 0.50 min 1 min 2 min 4 min
Whole-body MIP SA 2.08 £ 0.38 2.38 £0.52 2.92 +£0.41 3.64 + 0.50 417 £0.43
JA 2.15+0.28 2.54 £0.51 3.00 £ 0.86 3.64 £ 0.63 4.00 £ 0.72
NM 2.23 +£0.44 2.38 £ 0.51 2.32 £0.73 3.86 = 0.66 425+ 0.75
Brain SA 2.54 +£0.38 3.00 + 0.48 3.38 £0.38 3.38 + 0.55 3.69 + 0.60
JA 2.15 £ 0.66 2.69 +£0.71 3.15+0.77 3.85+0.51 3.77 £0.48
NM 3.46 + 0.88 3.85 £ 0.69 4.08 + 0.49 3.62 +0.51 3.62 £ 0.65

S4 senior attending, J4 junior attending, NM nuclear medicine resident. Score: / non-diagnostic, 2 quality less than PET/CT, 3 equal, 4 quality better than

PET/CT, 5 significantly better quality than PET/CT and/or new lesions seen
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Fig. 1 Whole-body MIPs acquired on the PET/CT and as well as on the PET/MR. ima

MRI and 3 min/bed for eight beds for PET/CT), showed better
image quality, despite being acquired about 2.5 h after the
["®FJFDG injection. Image quality scores summarized in
Table 1 show reduced acquisition time to 1 min/bed on the
PET/MR still provided comparable quality, indicating that
comparable PET image quality can be acquired in either much
shorter time or lower dose. MIPs were utilized to overall image
quality as well as low count areas instead of the axials, which
are good for the assessment of anatomical details.

Increased ['*F]FDG uptake relative to normal tissue is a
useful marker for many types of cancers. SUV is an index that
takes into account the variations in the injected dose and
patient’s weight to determine the relative measure of [ *F]JFDG
uptake and is commonly used for comparing scans [20]. It is
important to note that SUVs are a semi-quantitative measure of
FDG uptake and a suggested tool for diagnosis. The overall
SUV values of the normal tissues on PET/MR were lower than
the PET/CT wvalues, as expected because of the further
clearance of FDG in these tissues at a later time point. In
addition, reconstruction is better at low background than high,
which also plays a role in improved PET/MR image quality.
The SUV pean for all normal tissues is summarized in Fig. 3.

The aorta, liver, and spleen have shown to have decreased
activity concentration from 1 to 2 h and parotid glad has shown
to have no significant change over time [21], which is
consistent with our findings. Furthermore, PET/MR uses
different AC methods for head and body. Atlas-based AC
method is used for the head and four-segment tissue classifi-
cation for the body, and this difference may have also

w3 < ats .~‘-.y6..\..ﬁ-‘;'x;,,

ge acquisition done on the PET/MR was
at 4, 2, 1, 0.50, and 0.25 min per bed position. Images show a comparison between standard non-TOF PET/CT images and the
TOF PET/MR. a PET/CT. b 4-min PET/MR. ¢ 2-min PET/MR. d 1-min PET/MR. e 0.50-min PET/MR. f 0.25 min PET/MR.

e

contributed to the slight differences in the standard uptake
values.

Despite PET/MR images being acquired about 2.5 h post
administration of the tracer, all lesions that were detected on the
PET/CT were also seen on the PET/MR. This is expected with
an extended uptake time [22], but also attributed to the higher
sensitivity provided by the TOF PET [23, 24]. This study only
detected one additional lesion on the PET/MR, other studies
have shown increased detectability with TOF PET detectors or
later (delayed) imaging time points. One of the studies
compared non-TOF PET to 500-ps TOF PET detectors [16]
and another was a pilot study comparing non-TOF PET to
400 ps TOF PET [25]. Though the focus of this study was to
assess the overall image quality of images from TOF vs. non-
TOF PET detector, we did see that small lesions, similar to
background, were better seen on all acquisition times on the
PET/MR. Our SUV . and SUV e for small lesion with
mean tumor volume of less than 3 cm, were statistically
significant (except for PET/MR at 25 s bed position SUV eqi)
and supported finding by Koopman et al. [26]. However, since
the differences in the reported spatial resolution measurements
between these PET/CTs and the PET/MR are small, we also
consider that the different time points of imaging (early vs.
delayed scan) should have contributed greatly in the SUV
differences [22]. The SUV . and SUV i values of all the
detected lesions is summarized in Figs. 4 and 5, respectively.

Though the SUV,,« depicts the maximum metabolic
activity, it is considered a single-pixel ROI and therefore is
subject to greater variations and lacks good reproducibility.

B b e c e de e @ f e
Fig. 2 Brain images acquired on the PET/CT and on the PET/MR. Image acquisition done on the PET/MR was at 4, 2, 1, 0.50,

and 0.25 min per bed position. Images show a comparison between standard non-TOF PET/CT images and the TOF PET/MR.
a PET/CT. b 4-min PET/MR. ¢ 2-min PET/MR. d 1-min PET/MR; e 0.50-min PET/MR. f 0.25-min PET/MR.
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Table 2. Summary of the number of lesions detected in PET/CT (non-TOF)
and PET/MR (TOF) 3+, 2, 1, 0.50, 0.25 min images

PET/ 4 min 2 min
CT

1 min 0.50 min 0.25 min

Lesion location
Abdomen/pelvis 17 17 17 17 17 14
Head and neck 14 15 15 15 13 11
Chest 9 9 9 7 7 5
Total 40 41 41 39 37 30

Lesion type/location
Brown fat
Cutaneous
Lymph node
Oropharynx
Ovary
Adrenal
Parotid
Peritoneal implant
Pulmonary nodule
Rib fracture
Subcutaneous
Total
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Fluctuations in the SUV ., values are accentuated with the
increase in matrix size and a reduction in counts [27]. The
statistical reproducibility of the SUV ,¢qn and SUV . is greater
than that of the SUV ,,«, due to the utilization of multi-pixel
ROIs [28]. Hence, SUV ¢ values were also determined when
analyzing the detected lesions, since it involves the mean of a
few pixels at the hottest area of the lesion.

From our data, considering the physical decay of the
radiotracer between PET/CT and PET/MRI scans (i.e., average
of 87.51-min difference) and PET acquisition durations for
comparable image qualities (24 vs. 6 min: 3 min/bed for eight
beds in PET/CT and 1 min/bed for six beds in PET/MRI), the
effective acquisition time difference between the two scans is
approximately seven times (i.e., four times in acquisition time
and 42 % reduction in count density from the physical decay).
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In other words, comparable FDG PET data could be acquired
using seven times lower injected dose with the TOF PET/MRI
in this study if we acquire PET data in PET/MRI for the same
duration as we acquired PET/CT data or seven times faster.
This result is consistent with the theoretical estimation. In
theory, using TOF in PET reconstruction, it is expected that the
effective count is improved inversely proportional to the width
of TOF timing (i.e., timing resolution) [3]. Hence, the SNR
improvement in Poisson statistics as PET counting statistics
generally follow, is inversely proportional to the square root of
the timing resolution when the signal (i.e., counts) is linear and
the noise is the square root of the number of counts. More
specifically, the signal-to-noise improvement from TOF PET
over non-TOF PET is proportional to \(2D/cAf) where D is the
object diameter, ¢ is the speed of light, and Af is the timing
resolution of TOF [29]. For example, from non-TOF to 400-ps
TOF, based on this formula, the SNR improvement is
approximately three times for an object size of 50 cm in
diameter. In addition, there is a significant difference in the raw
sensitivities of the PET detectors from our PET/CT scanners
and PET/MRI used in this investigation. Furthermore, one of
the advantages of TOF PET detector is its ability to have less
noise even at a low count rate [17]. Decreasing the injected
activity reduces noise equivalent count rate more slowly in
TOF PET than in non-TOF PET, providing a further advantage
with TOF PET. Based on the system specifications of the
scanners, the improvement of the raw sensitivity is close to 3—5
times (from 8.4 cps/kBq for GE Discovery VCT PET/CT [30]
and 4.9 cps/kBq for Siemens Biograph HiRez 16 [31] to
23.3 cps/kBq for GE Signa PET/MR). Combining these two
factors, 5-7 times (approximately 3 times improvement of
SNR from <400-ps TOF performance multiplied by 2 times
improvement of SNR from the raw sensitivity difference) of
effective SNR improvement can be calculated, and our visual
quality assessment is precisely in line with this theoretical
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Fig. 3 Summaries of the SUV,,ean for normal tissues determined via a PET/CT (non-TOF) images and PET/MR (TOF) images at
b 0.25-min PET/MR, ¢ 0.50-min PET/MR, d 1-min PET/MR, e 2-min PET/MR, and f 4-min PET/MR, along with the standard

deviations.
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WPET/CT

" PET/MR 15sec
M PET/MR 30sec
M PET/MR 1min
M PET/MR 2min

M PET/MR 4 min

Fig. 4 Summaries of the SUVax of PET/CT (non-TOF) images and PET/MR (TOF) images of detected lesions at 4, 2, 1, 0.50,
and 0.25 min, along with the standard deviations. 1 Brown fat, 2 lymph node, 3 peritoneal implant, 4 pulmonary nodule, and 5
other. Lesions with sample sizes equal to or less than three, are grouped under “other”.

estimation in improved sensitivity. By the way, we did not take
into account the differences in system spatial resolutions
between these scanners. In their respective system specifica-
tions, the spatial resolution measurements at 1 cm from the
center of FOV are 6.3 and 6.1 mm, 5.12 and 5.18 mm, and 4.1
and 6.1 mm full-width at half maximum in transaxial and axial
directions for Biograph HiRez 16, Discovery VCT, and
SIGNA PET/MR, respectively. As these values show, the
differences in spatial resolution measurements are difficult to
objectively favor one system over another.

There are a few limitations to this study, the PET/MR and
PET/CT acquisitions could not be done in a randomized
order and not all acquisitions could be done 60 min post

14 4
13 1

12 A

SUVpeak

3
Lesion Type/Location
Fig. 5 Summaries of the SUV ¢4« of PET/CT (non-TOF) images and PET/MR (TOF) images of detected lesions at 4, 2, 1, 0.50,
and 0.25 min, along with the standard deviations. 1 Brown fat, 2 lymph node, 3 peritoneal implant, 4 pulmonary nodule, and 5
other. Lesions with sample sizes equal to or less than three, are grouped under “other”.

injection due to regulatory restrictions. In this study, we
ensured the utilization of our institution’s existing workflow.
Another limitation is the patient population being low, this is
due to the willingness of the subjects to participate. The
relative number of lesions was also small and did not include
bone or liver metastases. For the observed lesions, further
analysis can be performed to differentiate between the
contribution of TOF and additional uptake time to high
SUVhax- However, even with a 1.5 h delayed PET/MR
imaging (1.5 h later than PET/CT imaging), the results of
this study show that this high-sensitivity SiPM-based TOF
PET is able to provide better image quality as well as
comparable standard uptake values. With TOF PET/MR, as

W PET/CT

W PET/MR 15sec
M PET/MR 30sec
HPET/MR 1min
M PET/MR 2min

M PET/MR 4 min
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MRAC sequences only took less than 20 s, and were run
simultaneously with PET, unlike with PET/CT, ensuring the
scan time to be limited solely on PET acquisition.

As our data showed above, seven times reduction in either
injection radiotracer dose for the same duration of scan or total
whole-body scan time for the same amount of injected dose,
this “ultra-sensitivity” PET detector provides a path to offer
clinically acceptable extremely low-dose FDG PET studies. In
addition, if we extend the total PET acquisition time a little
further from the 4 min/bed we used in our PET/MRI
investigation to, for example 6 min/bed, additional injected
dose reduction is possible, still with the total study time well
under 1 h for patient convenience. All of these data and
analyses indicate that we can reduce the injected dose close to
10 times (7 times of reduction we already showed above, and
additional scan time could further provide more reduction),
resulting in less than 1 mCi of FDG for clinically comparable
PET studies—10 times reduction from recommended 10—
20 mCi injection according to the Procedure Guideline of
Society of Nuclear Medicine and Molecular Imaging [18]. At
this level of FDG injection, the effective dose is close to 1 mSv
or potentially lower than 1 mSv (i.e., sub-mSv) in adults for
tumor imaging. The extended PET acquisition time is
particularly feasible with simultaneous PET/MR imaging when
we take advantage of the long MR acquisitions. For this reason,
for PET/MRI, seven times of scan time reduction (i.e.,
“ultrafast” PET) may not be desirable. The scan time advantage
is more relevant if the similar raw sensitivity and TOF timing
resolution are implemented in PET/CT since even diagnostic
CT can be performed in a very short time.

Conclusion

Our study indicates that comparable visual quality and lesion
SUV measurement are possible in much reduced PET
acquisition time (or much reduced injected dose) when we
utilized high-sensitivity (23.3 cps/kBq) 400 ps TOF PET in
comparison to lower-sensitivity (8.4 and 4.9 cps/kBq) non-
TOF PET. Approximately seven times dose reduction at a
constant scan time or acquisition time reduction at an equal
dose, did not result in poorer lesion detection or visual image
quality degradation in our datasets, implying further dose/
acquisition time reduction is possible with extended scan
time for sub-mSv clinically acceptable FDG PET studies.
Given the small sample size, further studies on how much
dose/acquisition time reduction is possible are warranted.

Funding This project was supported in part by grant form GE Healthcare.
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