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Objective: The aim of this study was to conduct a technical and clinical evaluation of a Silicon Photo-
multiplier (SiPM) integrated digital Positron Emission Tomography — Computed Tomography (PETCT)
Scanner using National Electrical Manufacturers Association (NEMA) NU 2- 2018 standards.

Methods: System sensitivity was measured by using a NEMA sensitivity phantom. Scatter fraction, count-
rate performance, accuracy of count loss, and timing resolution were all computed. Clinical images were
acquired and image quality was assessed and compared with published studies.

Results: At 1 cm, tangential, radial, and axial spatial resolutions were 3.02 mm, 3.02 mm, and 2.73 mm at

IlfleEyl\l;/ZrdS. full width half maximum (FWHM), respectively. Sensitivity at centre and 10 cm was 10.359 cps/kBq and
PETCT 9.741 cps/kBq, respectively. The timing resolution was measured at 372 ps.
SiPM Conclusion: The digital PETCT exhibits a high-spatial resolution and a superior timing resolution, which
LYSO advances the diagnostic ability to detect small lesions and boosts the diagnostic confidence.
Implications for practice: Increases clinical relevance by improving the ability to detect and differentiate
tiny or low-contrast lesions without compromising radiopharmaceutical dose or overall scan time.
© 2023 The Authors. Published by Elsevier Ltd on behalf of The College of Radiographers. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction NECR, timing resolution, accuracy of count loss and correction of

random events in PET by using Fluorine 18-Sodium Fluoride
PET is fundamentally an imaging technology that measures (18F—NaF) radiopharmaceutical.®'°

physiological and metabolic uptake information in the human

body.! Different suppliers use various detector and crystal tech-
nologies in their PET systems.? In digital PETCT, the standard PMT
detector has been replaced with SiPM.> > SiPM consumes signifi-
cantly less power than PMTs.>* Currently, various manufacturers
use SiPM-based digital PET/CT systems in healthcare.® National
Electrical Manufacturers Association (NEMA) NU 2-2018 is the
most recent PET technical assessment guide, and it incorporates the
measuring standard for evaluating the technical assessments.®
Present technical report comprises the evaluation of technical
assessment of uMI 550 digital PETCT. As per NEMA NU 2-2018,
various performance test was conducted namely, sensitivity test,
spatial resolution, scatter fraction, image quality of PET (IQ) test,

Abbreviations: NEMA, National Electrical Manufacturers Association; PETCT,
Positron Emission Tomography Computed Tomography; SiPM, Silicon Photo-
multiplier; LYSO, Lutetium—yttrium oxyorthosilicate.
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(C. Kaushik).
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Methodology
uMI 550 digital PETCT scanner

The UIH model uMI 550 digital PET/CT is developed with LYSO
(Lu 8Y.2Si0:Ce) crystals integrated with silicon photomultiplier
(SiPM) detectors with axial-field of views (AFOVs) of 24 cm. On PET
hardware aspects, one-unit structure consists of ~70 SiPM detectors,
and one detector unit includes ~42 LYSO crystals array of
(2.76 x 2.76 x 16.3 mm?) connected with SiPM detectors. As a result,
each unit has axial coverage dimensions of 100 mm x 240 mm. In
this digital PET scanner, a total of 22 units were assembled in a cy-
lindrical configuration.

Technical and clinical assessment

The performance of a digital PET scanner was evaluated in
accordance with the most recent NEMA NU 2-2018 standard.’~ %10
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The system's evaluations included spatial resolution, NEMA sensi-
tivity, ToF sensitivity, count loss accuracy, scatter fraction, timing
resolution, count rate performance (NECR), random event correc-
tions, and PET image quality.

Spatial resolution

According to NEMA, a 18F—NaF point source is employed to
estimate spatial resolution.®'? The spatial resolution was estimated
in two halves, the first at half AFOV and the second at 1/8th AFOV.
Within each section plane, the resolution was computed at 1 cm
and 10 cm intervals. The 18F—NaF point source, with an activity of
0.74 megabecquerel (MBq), was produced in-house according to
the manufacturer's specifications. A total of 5 million net true
counts were acquired for each computing position, and the counts
were subsequently processed by an internal control acquisition
system. For the image reconstruction, a ramp filter was utilized in
conjunction with the default configuration technique of filtered
back projection to obtain all the images (inbuild control acquisition
system).

Sensitivity

The sensitivity test was performed using a phantom, which is
made up of five concentric sheaths of aluminum with a standard
length of 70 cm. By filling a polyethylene tube with 18F—NaF so-
lution, a 700 mm long tube line source was created. At the time of
the scan, the activity was ~15 MBq. The line source was put into the
aluminum sheath while held parallel to the axis of the PET scanner.
The phantom was placed in two locations: in the centre of the AFOV
and 10 cm away from it. According to the manufacturer's protocol,
five-minute scans were performed at each fixed location, followed
by the addition of an aluminum sheath. A delayed coincidence
window was also set up to eliminate random coincidence events
during acquisition.

Count losses, scatter fraction, and randoms fraction

A phantom measuring 70 cm long and 20 cm in diameter was
used to assess the count losses, scatter fraction, and random frac-
tion on this PET scanner. The radioactivity of a filled line source
with 500 MBq (18F—NaF, 10% range) was ~700 mm long. The line
source was 45 mm distant from the centre of the phantom and
parallel to its axis. The activity-filled phantom's position on the
scanning table assured that the line source was directed downward.
After positioning the phantom-filled activity source, the scan
commenced. This acquisition's scan protocol was 34 timing frames,
which took 11 h to complete, and the test was executed overnight.
Following completion of the acquisition in list mode and utilizing
the manufacturer's protocol in the acquisition system, total, true,
scatter, random, and noise equivalent count rates were evaluated in
accordance with NEMA NU2-2018, and an automated graph
showing the results was generated.

Accuracy of random and count loss corrections

The raw list mode PET data was reconstructed in order to
compute the accuracy of count loss and random corrections. The
randoms were chosen by establishing a delayed coincidence win-
dow, and the scatter photons were assessed using the Monte-Carlo
method. The manufacturer's standard methodology was used to
obtain 85 image slices with a slice thickness of 2.85 mm using TOF,
point spread function (PSF), and ordered subsets expectation
maximization (OSEM) reconstruction.
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Image quality

A body phantom was used to examine image quality. The
phantom's core was filled with six different-sized spheres packed
with 18F—NaF radioactivity, each measuring 10, 13, 17, 22, 28, and
37 mm in diameter. All sphere centre shares the same axial plane.
The backdrop portion of this phantom had a capacity of 9.8 L (L) and
was charged with an 18F—NaF solution containing less than 5 kil-
obecquerel per milliliter (KBq/mL) of radioactivity. In spheres, the
concentration of 18F—NaF radioactivity was four times higher than
the background section activity. A line source comprising 18F— NaF
and 120 MBq was also put inside the scatter phantom during
acquisition. For this phantom scan, a duration of 5 min per bed
position was used to minimize a 100 cm long scanning distance to
roughly 30 min with 50% bed overlap during acquisition as per the
default procedure. The CT attenuation map was used to compensate
attenuation in PET images. PET reconstruction with TOF and PSF-
OSEM reconstruction yielded a total of 85 image slices. Each hot
sphere had a circular ROI drawn upon it by manually, and same size
ROI was applied on all hot spheres.

The ROI average counts (Cs) for each sphere were computed. The
ROIs for the hot sphere were then replicated and pasted in identical
sizes into the background section of image slices. The average
counts for each background ROI (CB) were also obtained. The
contrast recovery coefficients (CRC) of the 18F—NaF concentration
filled in spheres and the background section were calculated.
Furthermore, CRC and background were evaluated for all spheres,
as well as the relative error in the lung equivalent insert, in
compliance with the NEMA standard, utilizing the average count
values for each ROL

Timing resolution

After altering the scatter, random, and off-center positions of the
phantom (line source fitted), the timing resolution was calculated
using the full width half maximum (FWHM) and full width tenth
maximum (FWTM) of the temporal distribution of coincident
events.

CT component

uMI550 digital PETCT has been integrated with 40 physical
detector rows. Each detector size was 0.55 mm and the overall
width of the detector was 22 mm. The measured low contrast
resolution was 3 mm at 1% contrast and the high contrast resolution
was 10.0 Ip/cm.

Results
Spatial resolution

Tangential, radial, and axial spatial resolutions with FWHM
values at 1 cm radial offset were evaluated as 3.02 mm, 3.02 mm,
and 2.73 mm, respectively. The resolutions slightly decreased at
10 cm radial offset to 3.09 mm, 3.43 mm, and 2.98 mm, respectively,
and further diminished at 20 cm radial offset to 3.62 mm, 4.65 mm,
and 3.17 mm, respectively (Table 1). Tangential, radial, and axial
spatial resolutions with FWTMs values at 1 cm radial offset were
determined as 5.60 mm, 5.35 mm, and 5.54 mm FWTMs, respec-
tively. The resolutions moderately deteriorated at 10 c¢cm radial
offset to 5.76 mm, 5.99 mm, and 5.75 mm respectively, and was
further dropped at 20 cm radial offset to 6.09 mm, 8.03 mm, and
5.95 mm respectively (Table 1). The total NEMA sensitivity of the
uMI 550 PET scanner was 10.359 cps/kBq at the centre and 9.741
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Table 1

Average resolution over both axial position.
Source Location (0,10)mm (0,100)mm (0,200)mm
Direction Tangential Radial Axial Tangential Radial Axial Tangential Radial Axial
FWHM (mm) 3.02 3.02 2.73 3.09 343 2.98 3.62 4.65 3.17
FWTM (mm) 5.6 5.35 5.54 5.76 5.99 5.75 6.09 8.03 5.95

cps/kBq at 10 cm offset. Fig. 1 (a, b) depicts the two axial sensitivity
profiles of the 10 cm radial offset and the centre.

Assessment of the scatter fraction and count rate

Table 3 shows that at a clinically relevant activity concentration
of 18F— NaF of 19.28 kBq/mL, a NEC rate of 130.05 kcps and a scatter
fraction of 36.71% were computed. At peak NECR rate, the scatter
fraction profile is 38.50%. Table 3 also shows that the peak NEC rate
is 441.16 kcps at an activity concentration of 26.46 kBq/mL. Curves
depict the count rates of NEC, prompts, trues, randoms, and scatter
as they vary with radioactivity concentration (Fig. 1(f)).

Axial Sensitivity Profile at 0 cm

Accuracy of random and count loss corrections

The count-rate errors at various activity concentrations are
shown in Fig. 1 (¢). The maximum and minimum count-rate relative
errors at NECR peak were 1.55% and 1.38%, respectively.

Image quality

The aspect ratio of the sphere to the backdrop was 4:1, and the
CRC of the heated spheres ranged from 50.5% (10 mm) to 84.5%
(37 mm). The lung residual estimated was 5.6% (Fig. 1 d). Table 2
summarizes all CRCs and their related background variability. The
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Figure 1. (a): System Sensitivity: 10.359 kcps/MBq, (b): System Sensitivity: 9.741 kcps/MBq (report values are calculated after the subtraction of randoms), (¢,d): showing the
central slice of the image quality phantom for the 4:1 measurement, (c) showing transverse image and (d) showing lung residual error, (e): Timing resolution curve (solid line) in
dependency on activity concentration and also plotted NECR curve (dotted line) by using double Y axis.

Table 2
Summary of all CRCs and corresponding background variability.

Sphere Diameter (mm) 10 13 17 22 28 37 Lung Residual
Contrast Recovery (%) Mean 50.5 62.3 74.7 81.6 82 84.5 NA

Max 55.55 68.53 82.17 89.76 90.2 92.95 NA

Min 45.45 56.07 67.23 73.44 73.8 76.05 NA
Background Variability (%) Mean 6 4.8 39 33 2.7 2.2 5.6

Max 6.6 5.28 4.29 3.63 2.97 242 5.04

Min 54 432 3.51 2.97 243 1.98 6.16
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Table 3

Analysis report for scatter fraction and count-rate performance.

System Scatter Fraction @peak NECR
System Scatter Fraction @ low activity

Peak True rate
Peak NECR

The Max % error below the NECR peak activity

38.50%

36.71%

441.16(kcps) @26.46(kBq/cc)
130.05(keps) @19.28(kBq/cc)
3.24%

core slice of the picture quality phantom utilized in the 4:1 ratio
computation is shown in Fig. 1 (e).

Timing resolution

Fig. 1(f) shows the timing resolution of 372 ps (ps) obtained at a

low count-rate.

Comparison with similar AFOV PET scanners

The NEMA performance parameters of the uMI550 were

compared to similar AFOV PET models (24—26 cm) of traditional
analog and digital PET scanners integrated with CT and MRI mo-
dalities. This comparison has included United Imaging Healthcare
(UIH) similar model digital PETCT and analog PETCT, GE healthcare
analog PETCT, Digital PETCT and PETMRI, and Siemens Healthineers
Digital PETCT and PETMRI (as shown in the Table 4).

Radiography 29 (2023) 705—711
Discussion

The technical evaluation of uMI550 was performed as per NEMA
NU 2-2018.57%10 The NEMA technical parameters were directly
compared to similar AFOV PET scanners systems (analog and digi-
tal) integrated with either CT or MRI. In this study, seven PET
scanner systems with an AFOV range of 24 cm—26 cm were
compared as shown in Table 4.

AFOV

The AFOVs of the uMI550 PETCT system and the analog uMI510
PETCT scanner were 24 cm and 23.6 cm respectively. Siemens
Healthineer Biograph vision 600 digital PETCT has an AFOV of
26.3 cm and its PETMRI Biograph mMR contained an AFOV of
25.8 cm. The AFOVs for GE healthcare scanners were 25 cm for
analog PETCT Discovery IQ PETCT, Digital PETCT Discovery MI and
Digital PETMRI Signa.®'!'~16

Spatial resolution

The spatial resolution (tan/rad/axial) of uMI550 (Singh et al.)
turned out to congruent with Chen et al. with percentage difference
of 3.3%/0%/10.5% at 1 cm, 0%/2.98%/0% at 10 cm and 10.5%/11.4%/0%
at 20 cm. The spatial resolution of the uMI550 PETCT system (Singh

Table 4

Comparison of NEMA technical parameters for PET scanners from different manufacturers.

Model United Imaging United Imaging United Imaging  GE Discovery GE Discovery GE Signa PET  Siemens Siemens Biograph
uMI550 uMI550° uMI510'! mI'? Q" MR'4 Biograph Vision mMR'®
600"
Authors Singh et al., 2023 Chen et al., 2020 Xu et al., 2016 Pan et al,, 2019 Llompart et al., Grant et al., Reddin et al., Delso et al., 2011
2017 2016 2018
Manufacturer  United Imaging United Imaging United Imaging  GE Healthcare  GE Healthcare GE Healthcare Siemens Siemens
Healthcare Healthcare Healthcare Healthineer Healthineer
Specifications NEMA NU NEMA NU NEMA NU NEMA NU NEMA NU NEMA NU NEMA NU NEMA NU
2-2018 2-2018 2-2007 2-2012 2-2012 2-2012 2-2018 2-2007
AFOV (cm) 24 24 23.6 25 25 25 26.3 25.8
Crystal LYSO LYSO LYSO LYSO (LBS) BGO LYSO (LBS) LSO LSO
Detector SiPM SiPM PMT SiPM PMT SiPM SiPM APD
Crystal 2.76 x 2.76 x 163 2.76 x 2.76 x 163 235 x235x 15 4 x4x25 63 x63x30 40x53x25 32x32x20 4x4x20
dimension
(mm)
Spatial Resolution
Tan/rad/axial 3/3/2.7 2.9/3/3 2.85/3.0 4.3/4.3/5 4.7/4.2/4.8 4.1/4.4/5.3 3.7/3.5/3.6 4.3/43
@1cm
Tan/rad/axial 3/3.4/3 3/3.3/3 3/3.0 4.6/5.5/6.5 5.1/5.6/4.8 4.4/5.8/6.7 3.9/4.6/4.3 4.8/5.2/6.6
@ 10 cm
Tan/rad/axial 3.6/4.6/3.1 4/4.1/3.1 NA 5/7.4/6.6 5.5/8.5/4.8 5.2/8.4[7.2 3.5/5.8/4.4 NA
@ 20 cm
Sensitivity (cps/kBq)
Centre 10.35 10.24 8.3 20.81 20.8 233 15.1 15
10 cm 9.74 10.32 8.6 20.21 204 22.8 15.6 13.8
Count Rate
Scatter fraction 38.5 36.65 38.5 40.2 36.2 43.6 39 379
(%)
Peak NECR 130.05(kcps) 124.4 kcps 109 kcps 266.3 keps 123.6 kcps 218 kcps 296 kcps 184 keps
(keps) @19.28(kBq/cc) @ 18.85 kBq/mL @ 21.5 kBq/mL @208 kBq/ml @ 9.1 kBgjmL @17.8 kBqmL @ 30.9 kBq/ml = @23.1 kBq/mL
Timing 372 372 485 381.7 Non ToF 386 215 Non ToF
Resolution
(ps)
Image Quality (%)
10 mm (CR/BV) 50.5/6 46.5/6.4 NA 46/9.3 18/4.4 35.2/49 86.8/6 32.5/53
13 mm (CR/BV) 62.3/4.8 76.2/5.5 NA 54/7.1 37/4 48.9/4.0 72.2/5 50/4.8
17 mm (CR/BV) 74.7/3.9 79.3/4.7 NA 66/5.4 59/3.6 59.9/3.2 85/3.9 62.9/4.2
22 mm (CR/BV) 81.6/3.3 82.8/4 NA 71/4.4 70/3.4 68.6/2.7 89.8/3.3 70.8/3.7
28 mm (CR/BV) 82/2.7 82.1/33 NA 85/3.8 61/3.3 79.2/2.2 87.4/3.0 65.1/3.3
37 mm (CR/BV) 84.5/2.2 83.9/2.5 NA 89/3.5 64/3.5 87.4/1.9 89.6/2.2 723/1.1
Average lung 5.6 3.1 NA 5.9 26 3.6 35 NA

error
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et al.) was found to be superior to the other scanners (Siemens
Biograph 600, GE discovery MI, GE Discovery IQ, Siemens Biograph
mMR, and GE Signa PETMRI) compared in the study. On comparing
spatial resolution values of uMI550 PETCT system (Singh et al./
present study) with GE Discovery MI scanner Digital PET CT scan-
ner, a percentage increase was noted to be 43.3%/43.3%/85.1% (tan/
rad/axial) at 1 cm, 53.3%/61.7%/116.6% (tan/rad/axial) at 10 cm,
38.8%/60.8%/112.9% (tan/rad/axial) at 20 cm respectively.'? Simi-
larly when comparing the values of spatial resolution of the uMI550
PETCT system (Singh et al.) with the Siemens Biograph Vision 600
Digital PETCT Scanner, it was found that the spatial resolution of the
uMI550 PETCT system increased with a percentage increase of
23.3%/16.6%/33.3% (tan/rad/axial) at 1 cm, 30%/35.2%/43.3% (tan/
rad/axial) at 10 cm, —2.7%|26%|41.9% (tan/rad/axial) at 20 cm.'® This
superior spatial resolution observed with the digital PETCT uMI550
(Singh et al.) is due to the smaller crystal dimension
(2.76 x 2.76 mm) compared to other scanners.'>'®

Sensitivity

The sensitivity of the uMI550 digital PETCT scanner (Singh et al.)
was observed to be comparable to that reported by Chen et al., at
centre with PD of 1.06% and slightly lower at 10 cm with a PD of
6.1%. This difference is attributed to differences in operating con-
ditions such as source positioning, random and scatter variation

Radiography 29 (2023) 705—-711

etc.% It was observed that the sensitivity of uMI550 (Singh et al.)
was higher at both centre and 10 cm (10.35 cps/kBq and 9.74 cps/
kBq) compared to analog uMI510 PETCT (8.3 cps/kBq and 8.6 cps/
kBq), which is due to the larger crystal length of uMI550 (16.3 mm)
than uMI510 (15 mm)."" The higher sensitivity values result from
the higher absorption efficiency with a longer crystal.’ The sensi-
tivity of Signa PETMR was the highest among all compared models
with an axial FOV of 25 cm.'* According to the literature, this is due
to the reduction of the transverse FOV in the scanner from 70 to
60 cm. Due to its high geometric efficiency, this leads to a slightly
higher sensitivity.®'>14

Scatter fraction

The scatter fraction was observed at 38.5% which is similar to
uMI510."" Furthermore, it was found that the scatter fraction values
were congruent within PET scanners compared in the study with
PD of 4.9% (uMI550, Chen et al.), 6.1% (GE Discovery 1Q), 4.3% (GE
Discovery MI), 1.2% (Siemens Biograph Vision 600), and proved
superior to GE Signa PET MR (PD of 12.4%).51271>

NECR

The peak NECR values of uMI550 (Singh et al.) proved to be
slightly superior than Chen et al. and GE Discovery 1Q with PD of
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Figure 2. Brain scan of F-DOPA and FDG.
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Figure 3. WB FDG Images acquired on uMI550.

4.44% and 5.08% respectively, whereas lower than Siemens Bio-
graph 600, Siemens Biograph mMR, GE discovery MI, and GE Signa
PET MRI with PD of 77.9%, 34.3%, 68.7%, and 50.5% respectively. This
variation is due to the larger crystal length as shown in Table 4.

Timing resolution

The timing resolution of the uMI550 digital PETCT scanner
(Singh et al.) was similar (372ps) to uMI550 (Chen et al.) and proved
superior to GE Discovery MI, SiPM based digital PETCT, (381.7 ps)
and GE Signa PETMR (386 ps).'”® Compared to the PETCT scanner
uMI510 (analog) (485 ps), a significantly better timing resolution
(372 ps) was observed in the present study, which can be attributed
to the improvement in detector technology from PMT to SiPM with
digital PETCT."" The Siemens Biograph mMR is an avalanche
photodiode (APD) based non ToF PETMR scanner and GE Discovery
IQ is also a conventional analog PETCT with BGO crystals. These two
have no time resolution element.'>'® The timing resolution of the
Siemens Biograph vision 600 (215ps) is superior to the uMI550
scanner in the present study.

Image quality

The image quality was observed to be superior with analog PET
scanner i.e., GE Discovery IQ'> and congruent with digital PETCT
scanners uMI550 (Chen et al.), GE Discovery MI, GE Signa PETMR,
Siemens Biograph 600, Siemens Biograph mMR as seen in
Table 4.6:12.14-16

First clinical images

Figs. 2 and 3 show clinical images of brain FDG and 18F-DOPA, as
well as FDG whole-body imaging. As illustrated in Fig. 2, the brain
images were obtained utilizing a specialized HYPER DLR advanced

710

deep learning-based reconstruction with ToF. It demonstrates that
the system can generate high-resolution 512 x 512 matrix PET im-
ages at a dosage of ~200 MBq and a scan period of 8 min. Two senior
nuclear medicine physicians detected a substantial superiority in
image quality in this institution. Deep learning reconstruction in PET
with SiPM digital technology enabled to use a lower radiopharma-
ceutical dose of ~200 MBq, corresponding to a 35%—40% reduction in
dosage and 1.5—2 min per bed scan time over the typical PETCT
scanner procedure at the existing facility. As a result, image quality
and diagnostic confidence have increased (Figs. 2 and 3). This
scanner has a 24 cm wide AFOV, allowing it to complete a whole-
body scan from the vertex to the mid-thigh in 5 beds. Figs. 2 and 3
illustrates the clear contrast and resolution of the brain image on
an FDG and 18F-DOPA scan with a dosage of ~185 MBq and a scan
period of 8 min. However, these clinical images provide an overview
of the uMI550 digital PETCT scanner's early experience.

Conclusion

The scanner performs excellently across all parameters, owing
to the superiority of SiPM-based detector technology. In clinical
mode, it produces excellent image quality and adds clinical signif-
icance by improving the capability of detecting and differentiating
tiny or low contrast lesions without impacting radiopharmaceutical
dose or overall scan time.

Funding
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Ethical approval and informed consent

A small part of present work is an observational study requiring
documenting data of clinical images which were obtained as a part
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Informed consent was obtained from all individual participants
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