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Abstract

Purpose To evaluate the clinical feasibility of a newly developed mobile PET system with MR-compatibility (flexible PET;
fxPET), compared with conventional PET (cPET)/CT for brain imaging.

Methods Twenty-one patients underwent cPET/CT with subsequent fxPET/MRI using '*F-FDG. As qualitative evaluation,
we visually rated image quality of MR and PET images using a four-point scoring system. We evaluated overall image quality
for MR, while we evaluated overall image quality, sharpness and lesion contrast. As quantitative evaluation, we compared
registration accuracy between two modalities [(fXPET and MRI) and (cPET and CT)] measuring spatial coordinates. We
also examined the accuracy of regional '®F-FDG uptake.

Results All acquired images were of diagnostic quality and the number of detected lesions did not differ significantly between
fxPET/MR and cPET/CT. Mean misregistration was significantly larger with fxPET/MRI than with cPET/CT. SUVmax and
SUVmean for fxPET and cPET showed high correlations in the lesions (R=0.84, 0.79; P <0.001, P=0.002, respectively).
In normal structures, we also showed high correlations of SUVmax (R=0.85, 0.87; P <0.001, P<0.001, respectively)
and SUVmean (R=0.83, 0.87; P<0.001, P <0.001, respectively) in bilateral caudate nuclei and a moderate correlation of
SUVmax (R=0.65) and SUVmean (R=0.63) in vermis.

Conclusions The fxPET/MRI system showed image quality within the diagnostic range, registration accuracy below 3 mm
and regional "®F-FDG uptake highly correlated with that of cPET/CT.

Keywords Mobile PET - PET/MRI - PET/CT
Abbreviations Introduction
fXxPET Flexible PET

cPET  Conventional PET
SUV  Standardized uptake value

PET works the best when combined with other modalities
such as CT or MRI, for complementing insufficient struc-
tural information. PET/CT has been widely used in clinical
settings, successfully combining the molecular information
from PET with anatomical information from CT [1-5].
PET/MRI has been introduced into clinical practice and
PET/MRI shows various advantages, such as excellent soft-

< Yasutaka Fushimi
yfushimi @kuhp.kyoto-u.ac.jp

Department of Diagnostic Imaging and Nuclear Medicine,

Kyoto University Graduate School of Medicine, 54 Shogoin
Kawahara-cho, Sakyo-ku, Kyoto 606-8507, Japan

Human Brain Research Center, Kyoto University Graduate
School of Medicine, 54 Shogoin Kawahara-cho, Sakyo-ku,
Kyoto 606-8507, Japan

Department of Neurosurgery, Kyoto University Graduate
School of Medicine, 54 Shogoin Kawahara-cho, Sakyo-ku,
Kyoto 606-8507, Japan

Department of Human Health Sciences, Kyoto University
Graduate School of Medicine, 54 Shogoin Kawahara-cho,
Sakyo-ku, Kyoto 606-8507, Japan

tissue contrast, reduced radiation exposure and additional
functional information [6-8]. The superior soft-tissue con-
trast of MRI results in diagnostic advantages, particularly
for lesions in the brain, head and neck, heart, liver, pelvis
and bone marrow [9-11]. The reduced exposure to radiation
also represents a major advantage, peculiarly in pediatric
cases and repeated studies for longitudinal follow-up [12,
13]. MRI can provide useful functional information such as
diffusion, perfusion and MR spectroscopy [14-16]. PET/
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MRI is thus expected to be one of the most powerful imag-
ing tools for diagnosis.

However, introducing PET/MRI systems into daily clini-
cal settings is not always easy. Because PET/MRI faces
technical challenges such as MR-based attenuation correc-
tion (MRAC) and the issue of a small transaxial FOV, in
addition to practical limitations including costs and spaces
for the installation of new system. One possible solution to
the latter is to introduce a mobile PET system that can be
combined with an existing MR unit, achieving an instant
PET/MRI system [17].

Here, we introduce a newly developed mobile PET sys-
tem with MR-compatibility called “flexible PET” (fxPET)
(Shimadzu Corporation, Kyoto, Japan). The fxPET scanner
consists of a silicon photomultiplier (SiPM)-based depth-
of-interaction (DOI) TOF detector [18, 19], attaining high
spatial resolution and sufficient FOV of 150 mm in the axial
plane. Combining this fxPET system with an existing MR
scanner, we can achieve an fxXPET/MRI system (Electronic
supplementary material 1).

There are concerns about the fxPET/MRI system, includ-
ing registration of both images, incomplete data acquisi-
tion and MRAC. As the fxPET is an external-type scan-
ner, sequential acquisition is mandatory. A previous study
showed that registration accuracy of PET/MRI was better
with simultaneous acquisition than with sequential acqui-
sition outside the brain [20]. We thus need to clarify the
registration accuracy of fXPET/MRI in the brain regions.
As incomplete data acquisition (due to the open ring form)
and MRAC method selection would affect the image quality
from fxPET/MRI, evaluation of image quality seems crucial.

As for brain imaging, MRI gives much more informa-
tion from excellent soft-tissue contrast and various advanced
sequences, while CT provides limited structural information.
The combination of PET and MRI thus seems particularly
effective for brain imaging.

The purpose of this prospective study was to evaluate
the clinical feasibility of the fxPET/MRI for brain imaging,
compared with conventional PET (cPET)/CT.

Materials and methods
Patients

Consecutive 21 patients (13 females, 8 males; age range
21-77 years; mean, 53 + 15 years) who were examined for
clinical purpose between February 2015 and May 2015 were
recruited when fxPET/MRI was available for research scan.
Twelve patients had intracranial lesions (glioblastoma, n=3;
metastasis, n=2; meningioma, n =2, anaplastic astrocy-
toma, n=1; schwannoma, n=1; ependymoma, n=1, crani-
opharyngioma, n=1; old hemorrhage, n=1). The location
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of the intracranial lesions was as follows: brain parenchyma,
n=10, extracranial, n=1; skull, n=1. The remaining nine
patients had no visible intracranial lesions, although lesions
responsible for symptoms such as epileptic attack were sus-
pected. The current study was done based on the local insti-
tutional review board approved “fxPET/non-contrast MRI”
study whose purpose was the evaluation of clinical feasibil-
ity of fXPET/MRI. Prior to the participation in this study,
written informed consent was obtained from all patients.

Protocol overview

All patients fasted for at least 4 h before intravenous 'SF-
FDG injection, showing a blood glucose concentration
below 200 mg/dl just before injection. We injected '*F-FDG
at 3.7 MBqg/kg body weight and started scanning at 30 min
after injection. After cPET/CT was performed based on a
standard clinical protocol, each patient moved to the fxPET/
MRI unit, then fXPET was performed, followed by MRI.

cPET/CT

We performed cPET/CT with an integrated PET/CT scanner;
Discovery ST Elite (GE Healthcare, Waukesha, W1, United
States). CT parameters were as follows: 120 kVp, 3.75-
mm slice thickness, 500-mm transaxial FOV and 512X 512
image matrix. PET parameters were as follows: 3.27-mm
slice thickness, 700-mm transaxial FOV, 250-mm axial FOV,
128 x 128 image matrix, and 2.14-mm Gaussian post-recon-
struction image filter, and scan duration of 15 min. TOF-
reconstruction was not available for cPET.

Attenuation correction was performed using CT data. All
cPET images were reconstructed with a three-dimensional
(3D) ordered subsets expectation—maximization algorithm
called VUE Point Plus (4 iterations, 12 subsets, matrix size
of 192x 192, voxel size of 3.3 3.3 X 3.3 mm, and postfil-
tering at 2 mm full-width at half-maximum (FWHM)). The
sensitivity is 8.8 cps/kBq [21].

fxPET/MRI
fxPET

Flexible PET is a mobile PET system based on a SiPM-
based DOI TOF detector with MR-compatibility [18, 19,
22-25] (Electronic supplementary material 1a). Each of the
two-arced detector head consists of 18 detector modules in
the transaxial direction and three rings in the axial direction,
providing a transaxial FOV of 720 mm and an axial FOV of
150 mm. As fXxPET is an external, detachable-type scanner,
sufficient FOV of 150 mm can be maintained, while a hybrid
PET/MRI with simultaneous acquisition provides a smaller
transaxial FOV within the bore of the MR scanner.
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Each detector module comprised a scintillation crystal
array, light guide, and SiPM array. The scintillation crystal
array with arranged light reflectors leads to a four-layer DOI
encoding. The crystal array for each detector module is made
of 16 x16 Lu, 4Gd, ,Si05 (LGSO) crystals, each measur-
ing 2.9 mm X 2.9 mm X 20 mm. The SiPM array was made
of 4 x4 four-channel customized SiPMs, yielding 64 SiPM
channels per block.

The coincidence timing resolution is about 525 ps and
the spatial resolution is estimated to be less than 2.5 mm
from reconstructed images using an iterative algorithm. The
sensitivity is 2.98 cps/kBq.

Settings for the fxPET/MR system

The fXxPET was set in an existing MR unit, in which 1.5-T
MR scanner; Excelart Vantage (Canon Medical Systems
Cooperation, Otawara, Japan) was equipped (Electronic
supplementary material 1b).

We also set an optical camera; Polaris (Northern Digital
Inc, Ontario, Canada) in the fxPET/MRI unit. It provided the
location of position markers attached to the surface of both
modalities, helping better registration.

Data acquisition for fxPET/MRI

All patients moved to the fXPET/MRI unit as soon as pos-
sible after cPET/CT. The mean interval between '8F-FDG
injection and start of the fxXPET was 96 + 11 min (range,
83-136 min). The interval between cPET and fXPET scan
was 34 + 11 min (range 21-73 min).

The fxPET scan was performed first, followed by
MRI. Using a 12-channel head coil, we acquired MR
images: a sagittal 3D magnetization-prepared rapid
gradient-echo (MPRAGE) sequence (TR, 9 ms; TE,
4 ms; TI, 1000 ms; matrix size, 256 X 208; resolution,
0.98 mm x 0.98 mm X 0.6 mm; parallel imaging technique,
SPEEDER; acceleration factor, 2) and axial T2-weighted
2D TSE sequence (TR, 6000 ms; TE, 80 ms; echo train
length, 15; matrix size, 320X 256; in-plane resolution,
0.92 mm X 0.92 mm; slice thickness, 3 mm; parallel imag-
ing technique, SPEEDER; acceleration factor, 2).

As fxPET is a partial-ring scanner, approximately
30% line-of-responses (LORs) are missed in a PET sino-
gram space. To reduce degradation of image quality due
to incomplete coincidence data, we used TOF information
and point-spread functions (PSF) and applied a listmode
reconstruction algorithm. All fxPET data were acquired
in listmode with the scan duration of 15 min and recon-
structed using a dynamic row-action maximum-likelihood
algorithm (DRAMA) (1 iteration; 128 subsets; matrix size,
480 x 480 % 100; voxel size, 1.5%x 1.5x 1.5 mm; relaxa-
tion control parameter, =100 with postfiltering at 5 mm

FWHM) [26]. Using the TIWI, we performed a new MRAC
method that considers signal attenuation from bone [27] and
MR devices (Electronic supplementary material 2). The
attenuation map was estimated by a hybrid segmentation-
atlas method, which is based on the segmentation of MR
image into three regions (bone-air, soft-tissue and water)
based on the multi Otsu threshold [28] and the non-rigid
spatial transformation of a template attenuation map to
assign the template bone and air attenuation values to the
patient-specific bone and air regions (i.e., low MR signal
regions), respectively [27]. We also performed scatter cor-
rection using TOF single scatter correction [29].

Qualitative evaluation: visual rating

We visually evaluated the image quality of MR and PET
images (fxPET and cPET) based on the consensus decisions
of two radiologists using a four-point scoring system.

Regarding MR images (T1WI and T2WI), we evaluated
overall image quality using the following four-point score:
0 =poor (non-diagnostic quality); 1 =fair (low quality with
distinct artifacts and strong noise); 2 =good (satisfactory
quality with few artifacts or moderate noise); and 3 =excel-
lent (no artifacts and low noise).

Regarding PET images, we evaluated overall image qual-
ity and sharpness considering artifact and noise (Table 1).
For 12 patients with intracranial lesions, we examined the
number of detected lesions and the subjective contrast of
those lesions. We defined lesions as areas showing focal
BE_FDG uptake that was increased or decreased compared
with background physiological uptake in the brain.

Quantitative evaluation: registration accuracy
and regional '8F-FDG uptake accuracy

For evaluation of registration accuracy and regional '*F-
FDG uptake accuracy, we measured the spatial coordinates
and regional standardized uptake value (SUV), using SPM12
(https://www.fil.ion.ucl.ac.uk/spm/software/spm12), MAT-
LAB (R2016b, MathWorks, Natick, Massachusetts, Untied
States) and ImagelJ software (National Institutes of Health,
Bethesda, Maryland, United States).

Quantitative evaluation 1: registration accuracy

CT images were registered to the corresponding cPET
images based on the clinical routine, while MR images were
registered to the fXPET images using location information
obtained from Polaris.

We determined six margins (right, left, anterior, posterior,
upper and lower) of physiological '®F-FDG uptake in the
brain and measured the spatial coordinates of those six mar-
gins. We also determined six margins in the corresponding
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Table 1 Four-point scoring system for visual rating of PET images

Targets of evaluation Grading

Overall image quality 0; poor (non-diagnostic
quality)

1; fair (low quality with
distinct artifacts and
strong noise)

2; good (satisfactory
quality with few arti-
facts or moderate noise)

3; excellent (no artifacts
and low noise)

Sharpness/noise, artifact 0; blurry/unacceptable
(not diagnostic due to
severe artifacts)

1; acceptable/major
artifacts that affects the
evaluation of anatomic
structures

2; good/minor artifacts
not impairing the diag-
nostic quality

3; perfectly sharp/no
artifacts, no noise

0; not detectable

1; low contrast

2; intermediate contrast
3; high contrast

Lesion contrast

structural images (CT and TIWI) and measured the spatial
coordinates in the same manner. We then calculated coor-
dinate differences between fXPET and T1WI and between
cPET and CT for each margin, as an index of misregistration
between pair images.

Quantitative evaluation 2: regional '8F-FDG uptake
accuracy

PET images and MRI images were registered by rigid reg-
istration of SPM12. We performed SUV-based analysis for
lesions and normal structures (bilateral caudate nuclei and
vermis). Considering the higher soft-tissue contrast of MRI,
we used T1WI to create ROI for the lesions, bilateral caudate
nuclei and vermis. For the one patient with two lesions, only
the larger lesion was used, so that the following analysis
was performed on a per-patient basis. We manually applied
ROISs to both fXPET and cPET with manual adjustment by
visually checking the ROIs. Then, we measured maximum
SUV (SUVmax) and mean SUV (SUVmean) within each
ROI (Fig. 1).

We also performed ROI analysis (SUVmean) for cer-
ebral and cerebellar cortex by using segmentation function
of SPM12 as follows: fXPET and cPET images were regis-
tered to T1WI, then segmentation was performed for TIWI.
Finally, we manually chose the cortices of image slices
where the cortices were not affected by intracranial lesions.

@ Springer

Statistics

Visual rating scores of both PET images and the numbers
of detected lesions with both PET images were compared
using the Wilcoxon signed-rank test. We used the paired
t test to compare coordinate differences between paired
images (fXPET/MRI and cPET/CT) and SUV (SUVmax
and SUVmean) for differences between fXPET and cPET.
Pearson’s correlation coefficients were calculated to com-
pare SUVs of the fXPET and cPET. A value of P <0.05 was
considered statistically significant. Statistical analysis was
performed using JMP software (JMP Pro version 14.0; SAS
Institute Inc., Cary, United States).

Results

Qualitative evaluation: visual rating of image
quality

Representative images of MRI, fxPET, CT, and cPET are
shown in Figs. 2 and 3.

All images from MRI were of diagnostic quality, with
excellent quality in 19 patients and good quality in two
patients.

Table 2 shows the visual rating results for PET images.
All fxPET images were also of diagnostic quality, although
image quality was significantly lower for fXPET than for
cPET (P <0.001). The number of detected lesions was 12
in fxPET and 13 in cPET, showing no significant difference.
The one lesion was not detected in fXPET due to small size
and low FDG uptake.

Quantitative evaluation 1: registration accuracy

Mean misregistration of fxPET/MRI and cPET/CT in the six
margins is shown in Table 3. Although mean misregistration
of fxPET/MRI were significantly larger than those of cPET/
CT in the left (1.35+0.22 mm, 0.64+0.13 mm, P=0.01),
anterior (2.00+0.20 mm, 1.19+0.26 mm, P=0.01) and
superior (2.87 +0.40 mm, 1.43 +0.22 mm, P=0.004) mar-
gins, no significant differences were seen for the right, pos-
terior and inferior margins.

Quantitative evaluation 2: regional '®F-FDG uptake
accuracy

The results of SUV analysis are shown in Table 4. In the
lesions, SUVmax and SUVmean of fxPET (8.46+3.12 and
5.11+2.21, respectively) were significantly higher than
those of cPET (5.81 +2.62 and 3.33 + 1.73, respectively)
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Fig. 1 Representative images of MR (a, d, g), fXPET (b, e, h) and cPET (c, f, i) with a brain tumor (glioblastoma) are shown. The ROIs of the
lesion (a, b, c), the caudate nuclei (d, e, f), and the vermis (g, h, i) are shown

(P <0.001). We showed a high correlation between fxPET
and cPET for both SUVmax (R=0.84, P <0.001) and
SUVmean (R=0.79, P=0.002) in the lesions (Fig. 4).

SUVmax and SUVmean of the fxPET were significantly
higher than those of cPET in normal structures (bilateral
caudate nuclei and vermis). We showed high correlation
between the fXPET and cPET for both SUVmax (R=0.85,
0.87; P<0.001, P<0.001, respectively) and SUVmean
(R=0.83,0.87; P<0.001, P<0.001, respectively) in bilat-
eral caudate nuclei (Fig. 5a, b) and a moderate correlation
between fXPET and cPET for both SUVmax (R=0.65,
P=0.002) and SUVmean (R=0.63, P=0.002) in the ver-
mis (Fig. 5c, d).

SUVmean of the fxPET was also significantly higher than
that of cPET in the segmented cerebral and cerebellar cortex
(Fig. Se, f). We found high correlation between the fxPET and
cPET for SUVmean in cerebral cortex (R=0.88, P<0.001),
and moderate correlation in cerebellar cortex (R=0.51,
P=0.019).

Multiple slices including cerebellum were shown for better
understanding fXxPET and cPET are also shown in Fig. 6.
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Fig.2 Representative images of a case of glioblastoma. T1-weighted
image (a), fxPET (b), CT (c¢), cPET (d), % difference in absolute
values (e), and MRAC of fxPET (f) are shown. Both PET images
show regional FDG uptake is increased in the tumor (arrow). Note

Discussion

We evaluated clinical feasibility of a sequential fxPET/MRI
system using a newly developed mobile PET, compared with
cPET/CT for brain imaging. The image quality from fxPET/
MRI was within the diagnostic range, showing the compa-
rable lesion detectability to cPET. Misregistration from
fxPET/MRI was below 3 mm. SUVs of fXxPET showed a
high correlation with those of cPET. We consider that these
results confirmed the clinical feasibility of fxPET/MRI.

All MR images showed excellent or good image quality.
This confirms that setting the fXxPET in the MR unit did not
cause critical degradation of MR images, thereby demon-
strating the MR-compatibility of fxPET. All fxPET images
were also of diagnostic quality, although image quality was
significantly lower than that of cPET images.

Mean misregistration of fxXPET/MRI was below 3 mm
in all margins, comparable to the result of a prior phan-
tom study (around 2 mm) [25]. Location information from
optical camera reflecting head position change was used for
better registration and conventional rigid body transforma-
tion has also been effective for registration of brain images
[30]. Although misregistration was significantly higher
for sequentially acquired PET/MRI than for PET/CT or
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that there was a metallic artifact associated with extracranial metal
(arrowhead) on TIWI (a), CT image (c), and MRAC image (f). The
effect of metallic artifact is limited on MRAC

simultaneously acquired PET/MRI in previous studies [20,
31], our results showed comparable registration accuracy
for fXPET/MRYI, irrespective of sequential acquisition. The
registration of fxPET/MRI was mainly dependent on the
registration accuracy of Polaris system. There is no previ-
ous study of brain PET with Polaris system with detailed
measurement of registration as this study. The retrospec-
tive registration correction should be developed to achieve
improvement of registration accuracy.

The possible factors for fXPET image quality and regis-
tration accuracy include incomplete data acquisition (due
to the open ring form) and attenuation correction methods.
For reducing image degradation due to incomplete data, we
used TOF, as this method had been suggested as effective in
limited angle PET scanner as far as maintaining appropri-
ate timing resolution corresponding to the angular coverage
[32]. We also used PSF because it increased the SUV of
small lesions by improving spatial resolution [33]. How-
ever, considering that reconstructed images using PSF were
suggested to be deformed on incomplete data acquisition,
application of image-based modeling could be better [34].
For attenuation correction, we performed MRAC. Mis-
registration between PET and MR images would interfere
with application of the attenuation map, causing inaccurate
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Fig.3 Representative images of a case of meningioma. T1-weighted image (a), fxPET (b), CT (c), cPET (d) and % difference in absolute values
(e) are shown. Both PET images show regional FDG uptake is decreased in the lateral side to the right temporal lobe (arrow)

Table 2 Results for visual rating of PET image

0 1 2 3 P value
Overall image quality (n=21)
fxPET 0 2 14 5 <0.001
cPET 0 0 0 21
Sharpness/noise, artifact (n=21)
fxPET 0 7 9 5 <0.001
cPET 0 0 0 21
Lesion contrast (n=12)
fxPET 1 10 1 0 0.03
cPET 0 1 3 8
Number of detected lesions (n=21)
fxPET 12 0.34
CPET 13

MRAC. Skull bones and artificial devices such as MR coils
and table affect the attenuation map [35-37], therefore, we
took into account attenuation induced by bones, MR coils
and table to avoid SUV underestimation [38-43]. Also,
TOF-reconstruction has been suggested to reduce artifacts
and improve the quantitative accuracy of MRAC [44, 45].
MR-AC_SEGBONE, which was similar to our MRAC
method, demonstrated promising results, and performs well
within 5% CTAC reference. The current study focused on

Table 3 Misregistration: registration differences between fxPET and
MRI, and between cPET and CT in 6 margins

Margins fxPET and MRI cPET and CT P value
[mm] [mm]

X-axis Right 1.24+0.71 0.95+0.70 0.20
Left 1.35+1.00 0.64+0.58 0.01

Y-axis Anterior 2.04+0.94 1.19+1.21 0.01
Posterior  1.86+1.05 2.24+0.96 0.12

Z-axis Superior 2.87+1.85 1.43+1.01 0.004
Inferior 2.44+1.72 1.92+1.08 0.25

the clinical feasibility of fxPET/MRI, and further studies
required to compare our MRAC method and other MRAC
methods [46].

SUVmax and SUVmean showed high correlation
between fXxPET and cPET, meaning that fXPET success-
fully determined both physiological '®F-FDG uptake of
normal structures and abnormal 'F-FDG uptake of lesions.
Although SUVs (SUVmax and SUVmean) of fxPET and
cPET showed a high correlation, SUVs of fxPET were sig-
nificantly higher than those of cPET. We attribute the differ-
ence in SUVs between fXPET and cPET to spatial resolution
and attenuation correction. The spatial resolution of fxPET
was estimated to be less than 2.5 mm, higher than that of
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Table 4 Mean regional FDG

- Regions of interest SUv fxPET cPET P value
uptake of fXPET and cPET in

lesions and normal structures. Lesions (n=12) SUVmax 846+3.11 581+2.62 <0.001
Both z‘;{:&z’; S;ilsg[i;’r“fffn SUVmean  5.11+221 333173 <0001
£xPET than for cPET Normal structures Caudate Right  SUVmax 12.27+2.89 9.33+2.31 <0.001
(n=21) SUVmean  10.02+2.11  735%1.69  <0.001
Left SUVmax 11.40+2.61 9.25+221 <0.001
SUVmean 9.04+2.05 7.16+1.81 <0.001
Vermis SUVmax 9.04+136 830+1.42 0.009
SUVmean 8.17+1.30 7.40+1.21 0.004
Cerebral Cortex SUVmean 9.02+1.70  6.67+133 <0.001
Cerebellar SUVmean 6.44+0.82 539+097 <0.001

Cortex

#* . .
SUV values are shown as mean =+ standard deviation

Fig.4 Regional FDG uptake

of fXPET and cPET in lesions a
(n=12). aSUVmax, b
SUVmean in lesions. Both
SUVmax (R=0.84, P<0.001)
and SUVmean (R=0.79,
P=0.002) show high linear
correlations between fxPET
and cPET. Equation of linear
regression lines are shown as
follows: a lesion, SUVmax,
¢PET=— 0.18+0.71 X fxPET; 5 ©
b lesion, SUVmean,
cPET=0.18+0.62 X fxPET

Lesion (R = 0.84, P<0.001)
CPET =-0.18 + 0.71 x fxPET

15

10

cPET

20
b Lesion (R = 0.79, P=0.002)
CPET = 0.18 + 0.62 x fxPET

15

10

cPET

SUVmax
® Lesion

SUVmean
® Lesion

10
fXPET

cPET (less than 6 mm). As high spatial resolution reduces
partial volume effects, this would affect SUVs. Although
our MRAC method took attenuation of bones, MR coil and
table into consideration, measurement error associated with
the attenuation coefficient of template attenuation map, MR
coil and table can occur, and other structures (such as fixa-
tion devices and metallic implants) can influence signal
attenuation.

Our study has several limitations that should be con-
sidered. First, relatively small number of patients were
enrolled in this study (n=21), and only 12 patients had
visible intracranial lesions. It seems better to enroll a
larger number of patients especially with various types
of visible intracranial lesions. Second, 1.5-T MRI scanner
was used in our study. A 3-T MRI with better SNR could
achieve more accurate ROI definition in T1WI. However,
the strong magnetic field might cause severe artifacts in
PET images, especially when lesions are located near
air cavities and high-energy positrons are used [47]. We
should take such artifacts into account when combining
fxPET with a 3-T MR unit. Third, PSF correction was
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10
fXPET

15 20 0 5 15 20

used for image reconstruction for fxPET (DRAMA), on
the contrary, PSF correction was not used for cPET (VUE
Point Plus). PSF correction increased cortices uptake
compared with image reconstruction without PSF cor-
rection [48]. In addition, recent digital PET/CT system
with PSF correction showed higher SUVmax than analog
PET/CT system without PSF correction [49]. Thus, higher
SUVs of fxPET may attribute to PSF correction adapted
in DRAMA. Fourth, the scan timing of FDG injection is
different between fXPET and cPET, which also affected the
image quality because FDG distribution changes accord-
ing to the time after the tracer injection. Fifth, since we
evaluated the registration accuracy manually, the voxel
resolution or post-Gaussian filtering may have affected the
results. Sixth, the differences of regional FDG uptake of
fxPET and cPET were large in supratentorial regions (cau-
date, cerebral cortex) and small in infratentorial regions
(vermis, cerebellar cortex). MRAC at skull base was more
difficult than that at the skull convexity. MRAC and PSF
correction affected SUV, which should be further inves-
tigated. Lastly, fxPET was installed to the different room
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Fig.5 Regional FDG uptake
of fXPET and cPET in bilateral
caudate nuclei (a, b), vermis
(c, d), and segmented cerebral
(e) and cerebellar cortex (f).
We showed high correlation
between the fXPET and cPET
for both SUVmax (R=0.85,
0.87; P<0.001, P<0.001,
respectively) and SUVmean
(R=0.83,0.87; P<0.001,

P <0.001, respectively) in
bilateral caudate nuclei (a, b).
Equation of linear regression
lines are shown as follows:

a Rt. caudate, SUVmax,
cPET=1.01+0.68 XfxPET

Lt. caudate, SUVmax,
cPET=0.90+0.73 X fxPET.

b Rt. caudate, SUVmean,
cPET=0.68+0.67 X fxPET

Lt. caudate, SUVmean,
cPET=0.27+0.76 X fXxPET. We
showed a moderate correla-
tion between fxPET and cPET
for both SUVmax (R=0.65,
P=0.002) and SUVmean
(R=0.63, P=0.002) in the
vermis (c, d). Equation of linear
regression lines are shown as
follows: ¢ vermis, SUVmax,
cPET=2.21+0.67 X fxPET;

d vermis, SUVmean,
cPET=2.64+0.58 X fxPET.
We found high correlation
between the fXPET and cPET
for SUVmean in cerebral cortex
(R=0.88, P<0.001) (e), and
moderate correlation in cerebel-
lar cortex (R=0.51, P=0.019)
(f). Equation of linear regres-
sion lines are shown as follows:
e cerebral cortex, SUVmean,
cPET=0.41+0.69 X fxPET; f
cerebellar cortex, SUVmean,
cPET=1.51+40.60xfxPET

a

cPET

cPET

cPET

20 20
Rt. Caudate (R = 0.85, P<0.001) b Rt. Caudate (R = 0.83, P<0.001)
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Lt. Caudate (R = 0.87, P<0.001) Lt. Caudate (R = 0.87, P<0.001)
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from cPET/CT in this study. The interval between cPET  however, body PET scan is probably difficult due to the
and fxPET was mainly due to the transfer from cPET/CT  limited FOV. Brain PET and body PET are available at

room to fXPET/MRI room.

our fXPET/MRI system. The dual-head configuration of

For future work, we would like to focus on the flexibil-  the fXPET enables flexible positioning on image acquisi-
ity of fxPET, which is one of the most unique features of  tion. Closer positioning of the two-arced detector head to
this system compared to integrated PET/MR. MR-insert-  the target would increase the count, leading to potential
able brain PET was reported to be beneficial for simul-  improvements in image quality, which has been already
taneous PET and MR imaging of the human brain [50],

@ Springer



Japanese Journal of Radiology (2021) 39:669-680

20

35

200
(%]

-200

Fig.6 Multiple slices including cerebellum were shown for better understanding fxPET and cPET of the images described in Fig. 2 (a, b, ¢, d, e)
and Fig. 3 (f, g, h, i, j). T1-weighted image (a, f), fxPET (b, g), CT (c, h), cPET (d, i) and % difference in absolute values (e, j) are shown

demonstrated in body fXxPET/CT imaging [51]. Closer
positioning also reduces image quality degradation asso-
ciated with incomplete coincident data acquisition due to
the open ring form [51]. Combination of fxPET with an
existing MRI scanner and sequential acquisition of fxPET
and MRI is mandatory, however, less expensive cost and
no additional space for integrated PET/MRI system are
advantages for fxPET. Improvement of image quality of
fxPET should be necessary to establish the modality of
mobile PET with MR-compatibility. MR-compatibility at
3-T MR scanner is one of the important issues for PET/
MRI. We currently conduct fxPET/MRI study at 3-T MR
scanner at our institute.

@ Springer

Conclusion

The fxPET/MRI system showed image quality within the
diagnostic range, registration accuracy below 3 mm and
regional '8F-FDG uptake highly correlated with that of
cPET/CT. We thus consider that this study confirmed the
clinical feasibility of fxPET/MRI.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11604-021-01105-9.
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