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Abstract

Purpose: In this study, a small animal PET insert (SimPET-X, Brightonix Imaging Inc.) for
simultaneous PET/MR imaging studies is presented. This insert covers an 11-cm-long axial
field-of-view (FOV) and enables imaging of mouse total-bodies and rat heads.

Procedures: SImPET-X comprises 16 detector modules to yield a ring diameter of 63 mm and an
axial FOV of 110 mm. The detector module supports four detector blocks, each comprising two 4
x 4 SiPM arrays coupled with a 20 x 9 array of LSO crystals (1.2 x 1.2 x 10 mm?®). The physical
characteristics of SImPET-X were measured in accordance with the NEMA NU4-2008 standard
protocol. In addition, we assessed the compatibility of SimPET-X with a small animal-dedicated
MRI (M7, Aspect Imaging) and conducted phantom and animal studies.

Results: The radial spatial resolutions at the center based on 3D OSEM without and with the
warm background were 0.73 mm and 0.99 mm, respectively. The absolute peak sensitivity of the
system was 10.44% with an energy window of 100-900 keV and 8.27% with an energy window
of 250-750 keV. The peak NECR and scatter fraction for the mouse phantom were 348 kcps at
26.2 MBg and 22.1% with an energy window of 250-750 keV, respectively. The standard
deviation of pixel value in the uniform region of an NEMA IQ phantom was 4.57%. The spillover
ratios for air- and water-filled chambers were 9.0% and 11.0%, respectively. In the hot-rod
phantom image reconstructed using 3D OSEM-PSF, all small rods were resolved owing to the
high spatial resolution of the SImPET-X system. There was no notable interference between
SImPET-X and M7 MRI. SimPET-X provided high-quality mouse images with superior spatial
resolution, sensitivity, and counting rate performance.

Conclusion: SImPET-X yielded a remarkably improved sensitivity and NECR compared with
SimPET™.
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functional and structural information non-invasively from
living bodies [1-4]. PET allows for highly sensitive
assessment of functional and molecular processes in biolog-
ical systems, while MRI offers superior soft-tissue contrast
compared with X-ray computed tomography (CT) [5-8].
PET/MR imagers based on advanced semiconductor
photosensors that collect the scintillation lights in PET
detectors allow for simultaneous PET/MRI scanning with an
insignificant performance compromise for each imaging
modality [9-16]. In preclinical small animal studies, simul-
taneous scans have several advantages over sequential scans,
including reduced scan time and anesthesia use, better
spatial correlation between multimodality images, and
concurrent assessment of different biological parameters [7,
11].

SimPET™ (Brightonix Imaging Inc., Seoul, South
Korea) is a silicon photomultiplier (SiPM)-based PET insert
for simultaneous PET/MR imaging with a compact design
and low power consumption [17]. The SimPET™ scanner
has inner and outer diameters of 6.0 and 9.9 cm, respec-
tively, allowing for a combination with animal-dedicated
MR systems with a bore size larger than 10 cm. The small
scintillation crystal element size (1.2 x 1.2 x 10 mm®) and
detector ring diameter (6.3 cm) of SimPET™ yield
reconstructed images with high spatial resolutions (0.7 mm
and 1.45 mm at the center based on three-dimensional
ordered-subset expectation maximization (OSEM) without
and with a warm background). The long axial field-of-view
(FOV) of SimPET™ (5.5 cm) and its high geometric
efficiency in detecting annihilation photon pairs allow for a
high peak sensitivity (4.21%) and noise-equivalent count
rate (151 keps at 38.4 MBq) with an energy window of 250—
750 keV. However, the 5.5-cm axial FOV is not sufficiently
long for simultaneous PET/MRI scanning of a mouse total
body in a single-bed position.

Imaging the entire body in a single-bed position without
moving an object allows for the assessment of the fast
whole-body biodistribution changes of radiotracers [18, 19].
In addition, the high geometric efficiency of the total-body,
long-axial-FOV PET scanners lead to improved system
sensitivity and image quality, allowing for reduced radio-
tracer use and/or scan time. In a previous study, a preclinical
PET system that extends the axial FOV by reusing the
detectors of a clinical PET scanner permitted very-low-
activity scans of nonhuman primates using **Zr, a radioiso-
tope with low positron abundance [20]. Early human studies
with total-body PET scanners have also demonstrated their
potential benefits for both clinical and research applications
[18].

SimPET-X (Brightonix Imaging) is a newly developed
small animal PET insert for simultaneous PET/MR scanners,
covering an 11-cm-long axial FOV and enabling imaging of
mouse total-bodies and rat heads. Relative to the previous
SimPET™ scanner, the axial FOV was doubled in SimPET-
X (Table 1). In addition, the size of the scintillation crystal
array increased from 9 x 9 to 20 x 9, which further enhanced
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the sensitivity of annihilation photon detection. To effec-
tively process the large amounts of data resulting from the
remarkably improved sensitivity, the shape of the analog
signal output from the SiPM array was optimized. Moreover,
reconstruction algorithms were accelerated using a graphical
processing unit (GPU). In this study, we measured the
physical performance of SIMPET-X in accordance with the
National Electrical Manufacturers Association (NEMA)
NU4-2008 protocol and assessed its compatibility with the
M7 MRI scanner manufactured by Aspect Imaging
(Shoham, Israel). We also conducted phantom and animal
studies to demonstrate the feasibility of the new PET insert
and the benefits of the improved sensitivity.

Materials and Methods

System Description

The specifications of SimPET-X and SimPET™ are
compared in Table 1. The SImPET-X insert comprises 16
detector modules to yield a ring diameter of 63 mm and an
axial FOV of 110 mm. The detector module supports four
detector blocks, each of which comprises two 4 x 4 SiPM
arrays (S14161-3050HS-04; Hamamatsu Photonics K.K.,
Japan) coupled with a 20 x 9 array of lutetium
oxyorthosilicate (LSO) crystals (1.2 x 1.2 x 10 mm®) (Fig.
1). The ambient temperature of the detector was continu-
ously monitored, and a regulated bias voltage was applied to
the SiPM arrays to compensate for the temperature-
dependent variation in the SiPM gain [21]. Anode signals
from two 4 x 4 SiPM arrays were multiplexed to four
position signals through a resistive charge division network
[21-23]. Accordingly, the ratio of analog multiplexing
enabled by the resistive charge division network of
SimPET-X is 32:4, which is twice that of SimPET™
(16:4). However, the pulse width degradation caused by
the increased multiplexing ratio (increased pulse width
leading to count rate performance degradation) was miti-
gated by applying pole-zero cancellation filtering to the
multiplexed position signals [Fig. 2(a)] [24]. The higher
multiplexing ratio of SimPET-X with a shortened pulse
width enables the use of the same subsequent signal
processing and readout electronics as in SImPET™™.,

Data Acquisition and Processing

The number of readout channels from the detector blocks
was further reduced using a bipolar multiplexing technique
[25]. The multiplexed signals were digitized using analog-
to-digital converters with a 125-MHz sampling rate. A data
acquisition system based on a field-programmable gate array
was used to process the digitized signals to extract energy,
timing, and position information [26]. Prompt and delay
coincidences filtered by the energy and time windows were
then transferred to a computer through 1-Gbps Ethernet.
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Table 1. Specification comparison between SimPET™ and SimPET-X
SimPET™ [17] SIimPET-X

Detector Scintillator material LSO

Crystal size (mm®) 1.2x1.2x10

Crystal pitch (mm) 1.28

Crystal array 9%x9 20x9

SiPM* array 4x4 8x4
System No. of crystal rings 36 80

No. of crystals/ring 144

Detector face to face (mm) 63

Transaxial FOV{ (mm) 50

Axial FOV{ (mm) 55 110

Overall dimensions ® (cm) x L (cm) 9.9 x 61.5

“SiPM silicon photomultiplier
TFOV field-of-view

System control and data acquisition were managed using the
SOPHIA3 software. SOPHIA3 was used to visualize the
accumulated counts from the animals in projection and
reconstructed image spaces updated at predefined intervals
during the PET scan. In addition, SOPHIA3 supported
listmode data acquisition, which enables flexible post-
acquisition time-binning of the acquired PET data.
Phantom and animal data were reconstructed using a
three-dimensional ordered-subset expectation maximization
(3D OSEM, 12 subsets, 3 iterations) algorithm with or
without incorporating point spread function (PSF) models.
The voxel size of the reconstructed images was 0.32 x 0.32
x 0.64 mm>. The reconstruction was performed using a GPU
to mitigate the computational burden caused by the
increased axial FOV and the incorporated PSF modeling.
PET and MRI images were automatically registered using
geometric transformation parameters obtained using a
calibration phantom. MRI-segmentation-based attenuation
correction was also performed. To generate the PET
attenuation map, gradient echo (GRE) MR images of
animals acquired with PET were automatically segmented
into three classes (air, lung, and soft tissue), and known

attenuation coefficient for each class was assigned. Then,
CT-based attenuation maps of RF coil and animal cradle
were added to the attenuation map of animal.

Performance Evaluation

The system performance including spatial resolution, sensi-
tivity, count-rate performance, and image quality, was
evaluated in accordance with the NEMA NU4-2008 stan-
dard protocol outside MR magnet.

Spatial Resolution

A *’Na point source (0.49 MBq) embedded in a 10-mm
acrylic cube was used to acquire data for spatial resolution
measurement. The point source was scanned while it was
located at 0, 5, 10, and 15 mm from the center of the
transaxial FOV at the center of the axial FOV. The
measurements were repeated at the same radial positions at
a distance one-fourth of the axial FOV. In each position,

b LSO array
(1.2 mm pixel)

SimPET™ SimPET-X
16:4 signal | 9 x 9 10 mm 32:4 signal 20 x 9
multiplexing | LSO multiplexing LSO

Fig. 1. Comparison of detector modules of SIMPET™ (left) and SImPET-X (right). The SImPET-X has an axial field-of-view two
times longer than that of SImPET™, because twice as many SiPM arrays and 2.2 times more scintillation crystal elements are
used in SIMPET-X. The increased number of SiPM signal channels results in the higher signal multiplexing ratio in SImPET-X.
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PET data were acquired for 5 min with a 350-650 keV
energy window and reconstructed using the 3D OSEM
algorithm (3 iterations and 12 subsets). The full width at half
maximum (FWHM) and full width at tenth maximum were
calculated using the method specified in the NEMA
standard. Additionally, the spatial resolution measurement
was repeated after addition of a 10% warm background to
the point-source data. The filtered backprojection recon-
struction specified in NEMA NU4 was not applied, because
the reconstruction method causes an ambiguous spatial
resolution depending on the size of the projection window
and the anisotropic spatial resolution, due to serious star-like
artifacts appearing in reconstructed images [27].

Sensitivity

The axial sensitivity profile was obtained using the same
*Na point source as that used for the spatial resolution
measurement. The point source was placed at the center of
the transaxial FOV and axially moved in steps of 0.64 mm.
Data at each position were collected for 1 min using four
different energy windows (100-900 keV, 250-750 keV,
350-650 keV, and 400-600 keV). Absolute sensitivities
were calculated as described in the NEMA standard.

Count-Rate Performance

The count-rate performance was measured using the NEMA
NU-4 2008 mouse-like phantom (length of 70 mm and
diameter of 25 mm) in the 250-750-keV energy window.
The phantom was placed at the center of PET FOV. A 60-mm-
long line source with an outer diameter that fits into the 3.2-mm
hole of the phantom was filled with 140 MBq '®F solution.
Listmode data were acquired for 10 min at 10-min intervals
over 24 h and processed as described in the NEMA protocol to
estimate the prompt, random, scatter, and true event rates and
the noise-equivalent count rate (NECR). The scatter fraction
was determined using the data acquired during the last 10 min,
with random event rates below 1.0% of the true event rate.

Image Quality

An image quality (IQ) phantom described in the NEMA
NU4-2008 was filled with 3.7 MBq of 'F solution and
scanned for 20 min with a 400-600-keV energy window at
the center of the FOV. Image uniformity, resolution recovery
coefficients, and the accuracy of corrections were analyzed
according to the standard. In addition, a hot-rod resolution
phantom containing six wedges of activity-filled rods with
diameters of 0.75, 1.0, 1.35, 1.7, 2.0, and 2.4 mm was
scanned to estimate the spatial resolution. The hot-rod
resolution phantom was reconstructed using 3D OSEM-
PSF (16 iterations and 12 subsets).
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MR Compatibility

To assess the potential mutual interference between PET and
MRI, SimPET-X was combined with Aspect Imaging’s M7
MR scanner using a 1-T magnet. The influence of the PET
insert on MRI measurement was explored by scanning a
uniform cylinder phantom filled with a solution of CuSQO,4
and NaCl mixed in water using various MRI pulse
sequences that are routinely employed in animal studies:
3D GRE, Tl-weighted spin echo (T1W SE), and T2-
weighted fast spin echo (T2W FSE); the power of
SimPET-X was turned on or off during the scanning. The
integral uniformity and signal-to-noise ratio (SNR) of the
MR images were calculated in accordance with our previous
study [11, 17].

The influence of MRI on PET was also assessed by
measuring the blank PET count rate under the 3D GRE,
TIW SE, and T2W FSE MRI pulse sequences. All sequence
parameters were identical to those in routine mouse studies,
except for the number of excitations, to enable a scan time
longer than 5 min. The prompt and delayed coincidence
rates triggered by the intrinsic activity of '"°Lu of the LSO
crystal and determined by applying default energy and time
windows were measured with or without MR sequences to
explore whether the MR pulse sequences caused false
triggering of PET coincidence detection.

Animal Imaging Studies

Mouse imaging studies were performed to explore the
advantage of the total-body imaging capability and high
sensitivity of SimPET-X integrated with M7 MRI. All
animal studies were approved by the Institutional Animal
Care and Use Committee at the Seoul National University
Hospital. During the image studies, mice were laid on a
heated animal-handling system in a prone position while
being anesthetized with isoflurane (1.5-3% in air).

The whole body of a 16.2-g BALB/c mouse was scanned
30 min after intravenous injection of 10.0-MBq '*F-NaF for
10 min. Another mouse (weight = 16.5 g) was scanned
following the same protocol, except for the injection dose
being 0.15 MBq, to determine the potential for very-low-
activity scanning of mice using SImPET-X. In addition, a
total-body dynamic PET scan was performed on a BALB/c
mouse (weight = 16.1 g). The dynamic scan was started
simultaneously with the intravenous injection of 12.2 MBq
'"F-FDG. During the scan, the listmode data were acquired
in a single-bed position for 40 min. The listmode data were
then divided into 98 temporal frames with variable frame
durations (2 sec x 30, 4 sec x 30, 15 sec x 8, 30 sec x 10,
and 60 sec x 30). The PET images were acquired inside the
MR magnet without an RF coil.

A mouse brain imaging study was also conducted to
demonstrate the feasibility of simultaneous PET/MRI studies
using SImPET-X and M7 scanners. We intravenously
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injected '*F-FDG of 12.6 MBq via the tail vein into a 17.1-g
BALB/c mouse and performed a 40-min PET/MRI scan
after a 45-min tracer uptake period. T2W FSE (TR/TE =
3250/68.7 ms, echo train length [ETL] = 12) MR images
were simultaneously acquired with '*F-FDG for 40 min.
Spatial registration parameters between the PET and MR
images that were previously derived through a calibration
phantom study were applied to the images.

Results

Detector Performance

Figure 2 depicts the intrinsic performance of a typical
SimPET-X detector block. The pulse width of the
multiplexed position signals was approximately 260 ns
before application of the pole-zero cancellation filter [Fig.
2(a)]. The pulse width was longer than that of a typical
SimPET™ detector block (~190 ns). By applying the pole-
zero cancellation filters to the multiplexed signals, the pulse
width was remarkably reduced (~85 ns), which ensured
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improved count-rate performance. Pulse width was defined
as the time from the 10% threshold of the rising edge of the
pulse to the 10% threshold of the next falling edge. The
pulse widths were averaged over 1,000 pulses.

All 1.2-mm crystals in the detector block were well
resolved in the flood map [Fig. 2(b)]. For all 11,520 crystals,
the average photo-peak position and energy resolution at
511 keV were 15,234 + 1,048 (a.u.) and 10.1 + 0.8% (mean
+ stand deviation), respectively. The peak positions of the
energy spectrum and the energy resolution measured at each
crystal element were uniform, except for the crystals on the
boundary of the SiPM arrays [Fig. 2(c)]. The worst crystal-
level energy resolution at the boundary was less than 15%.

System Performance

The radial spatial resolutions at the axial center measured
using the 3D OSEM algorithm without the warm back-
ground were 0.73 mm and 2.14 mm FWHM at the transaxial
center and 15-mm off-center position, respectively [Fig.
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Fig. 2. Performance of a typical detector block. (A) Multiplexed position signals from a detector block (before and after
applying pole-zero cancellation filtering). (B) Flood map and histogram of crystal-level energy resolution. (C) Peak position in the
energy spectrum and energy resolution of each crystal element.
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3(a)]. The radial resolution remained under 1.2 mm within
15 mm from the center when OSEM-PSF was applied.
Adding a 10% warm background to the point-source data
resulted in degradation of the spatial resolution [Fig. 3(b)].
Detailed results from the spatial resolution measurement are
summarized in Supplemental Tables 1-4.

The absolute peak sensitivity of the system was 10.44%
with an energy window of 100-900 keV and 8.27% with an
energy window of 250-750 keV [Fig. 4(a)]. The average
sensitivity over the axial FOV of £25 mm from the center was
7.12% for 250-750 keV, which represents a 143% improve-
ment compared with the 2.93% sensitivity of SImPET™™. The
peak NECR and scatter fraction for the mouse phantom were
348 keps at 26.2 MBq and 22.1% with an energy window of
250-750 keV [Fig. 4(b)]. The peak NECR was improved by
approximately 130% compared with the SimPET™ system.

Figure 5 shows the reconstructed images of the phantoms.
The standard deviation of the pixel values in the uniform region
of the NEMA 1Q phantom shown in Fig. 5(a) was 4.57%, and
the recovery coefficients of five different hot-rods were 0.13,
0.56, 0.81, 0.91, and 0.90 for 1-, 2-, 3-, 4-, and 5-mm rod
diameters, respectively. The spillover ratios for air- and water-
filled chambers were 9.0% and 11.0%, respectively. In the hot-
rod phantom image reconstructed using 3D OSEM-PSF, all
small rods were resolved owing to the high spatial resolution of
the SIMPET-X system [Fig. 5(b)].

The system performance of SimPET™ and SimPET-X is
compared in Table 2. The point-source spatial resolution,
uniformity, and recovery coefficients in the NEMA IQ
phantom measured using SImPET-X were virtually equiva-
lent to those measured using SIMPET™. SimPET-X yielded
a remarkably improved sensitivity and NECR compared
with SIimPET™. In addition, SimPET-X exhibited smaller
spillover ratios in air and water relative to SimPET™™.

MR Compatibility

There were no significant differences in the MR image
intensity level, SNR, and uniformity with and without the
SimPET-X insert, as shown in Fig. 6 and Table 3. In
addition, whether the PET was turned on or off did not affect
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the MR images. Moreover, there was no remarkable change
(<1%) in the blank PET count rate when various MRI pulse
sequences were applied.

Imaging Studies

Figure 7(a) shows the maximum-intensity projection images
of '®F-NaF, highlighting the benefit of the high sensitivity of
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Fig. 3. Radial spatial resolution of SIMPET-X scanner obtained using 3D OSEM and OSEM-PSF. (A) Without a warm

background. (B) With a warm background.
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Fig. 5. Phantom images. (A) NEMA IQ phantom image. (B) Hot-rod phantom.

SimPET-X. The detailed bone structures of a mouse are
clearly demonstrated both in the typical-dose and very-low-
dose conditions (10.0 MBq and 0.15 MBq, respectively).
Figure 7(b) shows five selected frames from a 40-min
dynamic PET scan performed following the tail vein
injection of 12.2-MBq '®F-FDG, demonstrating the total-
body dynamic imaging capability of SimPET-X without
movement of the animal bed. No visible artifacts were
observed in the simultaneous PET/MRI scan of the mouse
brain [Fig. 7(c)]. The PET images depict a high cortical
uptake of '"*F-FDG in the brain, and the 1-T MR image
provides a high soft-tissue contrast, which is useful for
examining activity distribution in the mouse brain.

Discussion

In this study, SImPET-X, an MR-compatible PET system
with an 11-cm-long axis FOV, was described and evaluated.
The SimPET-X systems were characterized in accordance
with the NEMA NU4-2008 standard and compared with the
previous SimPET™ system. Furthermore, we integrated the
SimPET-X system into an M7 MR scanner to assess its MR

Table 2. Performance comparison between SimPET™ and SimPET-X

compatibility for simultaneous PET and MRI scans of small
animals.

The new detector module used in SIimPET-X was
designed to mount 2x more SiPM and 2.2x more scintilla-
tion crystal elements than the detector module for
SimPET™; thus, SimPET-X yields an approximately 2.4 x
higher sensitivity than SimPET™ does. To maintain
compatibility with existing signal-processing and readout
electronics, the multiplexing ratio of the detector blocks was
increased to 32:4. Increasing the multiplexing ratio can lead
to a longer output pulse width, which can degrade the count-
rate performance of PET systems. In this study, we applied
the pole-zero cancellation technique to the multiplexed
signal, which resulted in a shorter pulse width than that of
the previous system, as well improved count-rate perfor-
mance (peak NECR with 250-750 keV energy window: 151
keps in SImMPET™ and 348 keps in SimPET-X).

In SimPET-X, we implemented the PSF reconstruction
technique to achieve a sub-millimeter spatial resolution in
the full FOV. However, incorporating the PSF kernel into
the system response matrix increased the computational
burden. A 2% increase in axial FOV also requires 8% more

SimPET™ [17] SimPET-X

Radial resolution at center OSEM* (mm) 0.70 0.73

OSEM-PSF (mm) N.A. 0.64
Sensitivity 100-900 keV (%) N.A. 10.44

250-750 keV (%) 421 8.27

350-650 keV (%) 3.10 6.14

400-600 keV (%) 2.70 5.32
Count-rate performance (250-750 keV) Peak NECRT (keps) 151 348

Activity at peak NECR (MBq) 384 26.2

Scatter fraction (%) 22.0 22.1
Image quality Uniformity (%) 4.42 4.57

RCi at 1-, 2-, 3-, 4-, and 5- rod diameter 0.17, 0.52, 0.75, 0.85, 0.90 0.13, 0.56, 0.91, 0.91, 0.90

SORS§ air (%) 12.7 9.0

SOR water (%) 14.6 11.0

"OSEM ordered-subset expectation maximization

TNECR noise-equivalent count rate
I_RC recovery coefficient
SSOR spillover ratio
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Fig. 6. MRI compatibility of SimPET-X. (A) MR images acquired using various MRI pulse sequences under different PET
conditions. (B) Uniformity and SNR of the MR images.

computation during reconstruction. Parallelization using a
GPU accelerates forward and backward projection in image
reconstruction, increasing the reconstruction speed by 10
times compared with using a multi-threaded CPU. We intend
to improve the reconstruction process further by optimizing
the cache, memory, and job scheduling as well as by
implementing advanced algorithms with fast-convergence
properties.

The main advantages of the high sensitivity and spatial
resolution of SImPET-X are the superior image quality of
phantom and animal images. In image quality measurements
in accordance with the NEMA NU4-2008 standard,
SimPET-X yielded higher recovery coefficients and lower
spillover ratios than SimPET™ did while maintaining a
level of high spatial resolution (0.7/0.73 mm) and image
uniformity (4.42/4.57) and providing significantly improved
NECR (151/348 keps). The higher recovery coefficient and
lower spillover ratio, the better image contrast. In addition,
SimPET-X provided a high-SNR image with only a single-
bed scan, even when the injected activity was low or when
the scan time frame was short. Total-body mouse imaging
with no bed motion, which is possible in SImPET-X, would
be useful for capturing the fast tracer dynamics during the
early phase of tracer uptake and for estimating the arterial
input function derived from images [28-30].

There was no notable interference between SimPET-X
and M7 MRI during evaluation using a uniform phantom,
and animal studies with '*F-FDG demonstrated the feasibil-
ity of simultaneous PET/MR imaging based on the SImPET-

w/ PET(On)

w/ PET(On)
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X/M7 combination. M7 MR images with a high spatiotem-
poral correlation with SimPET-X images will allow for more
accurate identification of regions of interest. The same PET
insert with larger diameter (ID=7.6 cm) is also used together
with Bruker 9.4T MRI (LB1026, World Molecular Imaging
Congress 2020). The integrated PET/MRI systems will be
useful for investigating the pathophysiology of a disease,
efficacy of treatment strategies, and characteristics of new
tracers.

The specification and performance of commercially
available MR-compatible PET systems that allow the mouse
total-body imaging are summarized in Table 4. They
commonly use SiPM and LSO or LYSO scintillation
crystals. The thickness of the crystal is commonly 10 mm.

Table 3. MRI compatibility of SImPET-X: Uniformity and SNR of the MR
images

w/o PET w/ PET (Off)  w/ PET (On)
Uniformity =~ 3D GRE* 91.5£1.00  91.0+1.50 91.8+0.66
TIW SEf 95.3£0.33  95.3+0.51 95.6+0.43
T2W FSEi  88.4+2.90  88.7+2.40 88.6+2.15
SNR 3D GRE* 53.0+£5.28  52.0+6.58 54.6+3.47
TIW SEf 104+7.43 100+10.73 104+8.92
T2W FSEi  30.7£3.71 30.5+£3.36 31.3+4.21

“3D GRE 3-dimensional gradient-echo
fTIW SE T1-weighted spin-echo
YT2W FSE T2-weighted fast spin-echo
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Fig. 7. Mouse imaging studies. (A) Maximum-intensity projection images acquired 30 min after the intravenous injection of
"8F_NaF with different activity levels (left: 10.0 MBq; right: 0.15 MBq). (B) Five selected frames from a 40-min dynamic PET scan
performed following the injection of 12.2-MBq '®F-FDG. (C) Simultaneous PET/MR imaging (‘®F-FDG PET and T2W FSE MRI).

The Bruker Si 198 system uses monolithic crystals (50 x 50
mm), while the other systems use pixelated crystals.
SIimPET-X has a smaller crystal pitch than MR Solutions
PET INSERT (1.28 mm vs. 1.68 mm). SimPET-X and Si
198 provide <0.7 mm spatial resolution at the center of FOV
when iterative reconstruction algorithms (OSEM or MLEM)
incorporating PSF are applied. All of them feature high
sensitivity and peak NECR.

One of the limitations of this study is that the effect
of MRI on the PET system was only addressed by the

count rate, and the performance evaluation of SImPET-X
was done only outside the magnet. Therefore, more
extensive MRI compatibility investigations are left for
future research. The future research should investigate
the impact of MR components and MRI pulse sequences
on PET performance, including timing resolution, energy
resolution, spatial resolution, sensitivity, and image
quality. In addition, the performance evaluations could
be repeated in the magnet with and without the MR coils
in place.

Table 4. Comparison of Commercially available MR-compatible mouse total-body PET systems

Brightonix SimPET-X

Bruker Si 198 (3 Rings) MR Solutions PET INSERT

PET specification Detector face to face (mm) 63 114 116
Axial FOV* (mm) 110 150 102.5
Radial resolution at center Iterative (mm) 0.73
Iterative-PSF (mm) 0.64 0.68
FBP (mm) 1.74
Sensitivity ] 8.27 11 7.9
Count-rate performance (mouse);  Peak NECRT (kcps) 348 486 426.9
Activity at peak NECR (MBq)  26.2 22.6 343
Reference This study [31] [32]

*FOV field-of-view
fNECR noise-equivalent count rate
*Measured with the energy window of 250-750 keV
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Conclusions

To provide an 11-cm-long axial FOV, the SImPET-X system
was evaluated based on NEMA NU4-2008 standard mea-
surements. Owing to a uniform spatial resolution and its
superior sensitivity and counting rate performance, SimPET-
X provided high-quality phantom and mouse images. The
feasibility of simultaneous PET/MR imaging studies using a
combination of SImPET-X with the M7 MRI scanner was
also demonstrated.

Supplementary Information. The online version contains supplementary
material available at https://doi.org/10.1007/s11307-021-01595-z.
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