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Abstract

Background: A novel generation of PET scanners based on silicon (Si)-
photomultiplier (PM) technology has recently been introduced. Concurrently, there
has been development of new reconstruction methods aimed at increasing the
detectability of small lesions without increasing image noise. The combination of
new detector technologies and new reconstruction algorithms has been found to
increase image quality. However, it is unknown to what extent the demonstrated
improvement of image quality is due to scanner hardware development or
improved reconstruction algorithms. To isolate the contribution of the hardware, this
study aimed to compare the ability to detect small hotspots in phantoms using the
latest generation SiPM-based PET/CT scanner (GE Discovery MI) relative to
conventional PM-based PET/CT scanner (GE Discovery 690), using identical
reconstruction protocols.

Materials and methods: Two different phantoms (NEMA body and Jasczcak) with
fillable spheres (31 μl to 26.5 ml) and varying sphere-to-background-ratios (SBR) were
scanned in one bed position for 15–600 s on both scanners. The data were
reconstructed using identical reconstruction parameters on both scanners.
The recovery-coefficient (RC), noise level, contrast (spherepeak/backgroundpeak-value),
and detectability of each sphere were calculated and compared between the
scanners at each acquisition time.

Results: The RC-curves for the NEMA phantom were near-identical for both scanners
at SBR 10:1. For smaller spheres in the Jaszczak phantom, the contrast was 1.22
higher for the DMI scanner at SBR 15:1. The ratio decreased for lower SBR, with a
ratio of 1.03 at SBR 3.85:1. Regarding the detectability of spheres, the sensitivity was
98% and 88% for the DMI and D690, respectively, for SBR 15:1. For SBR 7.5, the
sensitivity was 75% and 83% for the DMI and D690, respectively. For SBR 3.85:1, the
sensitivity was 43% and 30% for the DMI and D690, respectively.

Conclusion: Marginally higher contrast in small spheres was seen for the SiPM-based
scanner but there was no significant difference in detectability between the
scanners. It was difficult to detect differences between the scanners, suggesting that
the SiPM-based detectors are not the primary reason for improved image quality.
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Background
Recently, a novel generation of PET scanners, with silicon (Si)-photomultiplier (PM)

technology replacing the conventional photo-multiplier tubes (PMTs) [1–3], was intro-

duced and marketed as “digital PET” systems, with promises of improved spatial

resolution, lesion detectability, counting performance, and potential reduction of

activity and scan time. Concurrent with the introduction of this new generation of

scanners was the development of new reconstructions methods to increase the detec-

tion of small lesions without increasing image noise. An example is the block-

sequential regularisation expectation algorithm (BSREM) (incorporated in Q.Clear GE

Healthcare, Milwaukee, WI, USA) [4]. The combination of new detector technology

and new reconstruction algorithms have been found to increase image quality, increase

the maximum standardised uptake values (SUV) in lesions, and increase the lesion-to-

blood-pool SUV ratios in smaller lesions and number of detected lesions compared to

the previous generation of scanners [5–9]. However, it is currently unknown to what

extent the improved image quality should be attributed to the new detector design ver-

sus improved reconstruction algorithms. Previous studies comparing scanners with

SiPM-technology to conventional analogue PET/CT-systems have studied phantoms

with large spheres or brain phantom [3, 10]. To our knowledge, no study has used

phantoms with small spheres below 500 μl. This study aimed to compare the ability to

detect small hotspots in phantoms using a SiPM-based and a conventional PM-based

PET/CT scanner from the same vendor, located in the same department. The head-to-

head comparison was performed using the same phantom with identical acquisition

and reconstruction protocols, thus eliminating the uncertainty introduced by different

phantom preparations and the impact of different reconstruction algorithms.

Material and methods
PET/CT systems

A Discovery D690 (D690) PET/CT installed in 2011 and a Discovery MI (DMI) PET/

CT installed in 2017 (both GE Healthcare, Milwaukee, WI, USA) were used for image

acquisition in this study. The D690 is a three-ring scanner with LYSO crystals and

PMTs combined with a 64-slice CT scanner (details are summarised in Table 1). The

DMI has a configuration of four rings of LYSO crystals and silicon photomultipliers

(SiPM) combined with a 128-slice CT [1]. Both PET/CT scanners are cross-calibrated

to the same dose calibrator, and the calibration is validated monthly using a uniform

cylindrical phantom filled with 18F-FDG.

Phantom studies

The two PET/CT systems are in close vicinity of each other, which makes it possible to

compare the performance of the scanner with the same phantom from the same phan-

tom preparation. The phantom measurements were carried out with 18F-FDG and two

different phantoms with fillable spheres:

� The NEMA IEC Body Phantom (Data Spectrum Corporation, Durham, NC, USA)

with fillable spheres was used. The spheres have a specified inner diameter of 10,

13, 17, 22, 28, and 37 mm and were filled with 18F-FDG. The volume of the
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phantom is 9.7 L. The sphere-to-background ratio (SBR) was 10:1, and the activity

concentration was approximately 20 kBq/ml in the spheres at the time of

measurement.

� The cylindrical Jaszczak phantom (Data Spectrum Corporation, Durham, NC,

USA) (diameter of 21.6 cm and a volume of 6.9 L) with microspheres (4.0, 5.0,

6.2, 9.9, 11.9, and 14.4 mm diameter) was used. The phantom was prepared and

scanned on three different occasions, in which the SBR for the four smallest

spheres was 15:1, 7.5:1, and 3.75:1, to simulate small hot spots in different

tissues representing, e.g. tumours in the lung (15:1) and liver (3.75:1). The

activity concentration in the spheres was approximately 85 kBq/ml at the time

of measurement for all three SBR preparations. The two larger spheres were

filled with water instead of activity.

PET acquisitions were performed for all phantoms using a single bed position for 10

min on both camera systems, accompanied by CT acquisition for attenuation correc-

tion (120 kVp). The phantoms were positioned with the spheres in the centre of the

axial field of view. Sinograms with 600, 300, 180, 150, 120, 90, 60, 45, 30, and 15 s/bed

were created from the acquired list-mode data. For the second acquisition (after

moving the phantom from the first to the second scanner), the acquisition time was

prolonged to account for physical decay of 18F and thereby ensuring an equal time-

activity product for the two PET acquisitions. Image reconstruction was performed on

the scanner console with identical reconstruction parameters for both systems, using

OSEM with four iterations and 16 subsets, including point spread function modelling

for resolution recovery, time-of-flight, and attenuation correction. The reconstructed

transaxial matrix size was 256 × 256 with a pixel size of 2.7 × 2.7 mm2. No post-

filtering was applied.

Table 1 Characteristics of the Discovery MI and Discovery 690 scanners

PET/CT system Discovery MI Discovery PET/CT 690

Crystal material LYSO/LBS LYSO/LBS

Light detection SiPM PMT

Number of detector rings 4 3

Number of crystals 19584 13824

Size of crystals [mm3] 3.95 × 5.3 × 25 4.2 × 6.3 × 25

Slice thickness [mm] 2.79 3.27

Axial FOV [mm] 200 157

FOV [mm] 700 700

Overlap [%]a 23.9 23.4

NEMA Sensitivity [cps/kBq] 13.8 6.9

Image planes in the axial FOV 71 47

FWHM axial @1 cm [mm] 4.7 5.2

Coincidence window width (ns) 4.9 4.9

Coincidence timing resolution (ps) 375.4 544.3

Lower energy threshold (keV) 425 425
aThe default overlap in the scanners. The overlap can be adjusted by the user
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The measurements were repeated with a new phantom preparation in revised order.

One additional experiment was performed using a homogenous, cylindrical phantom

with a 20 cm diameter, a length of 30 cm, and a volume of 9.4 L. The phantom was filled

with 18F-FDG and water, with a resulting activity concentration of 6.5 kBq/ml. The phan-

tom was scanned with two bed positions for 10min per bed position on both PET/CT-

cameras with an overlap of bed positions of 24% as recommended by the vendor. A CT

for attenuation correction was also performed. Image reconstruction and correction for

radioactive decay between the two scans was performed as described above.

Image analysis

The recovery coefficient (RC) for the NEMA Body phantom was calculated according

to the NEMA protocol [11], for reconstructions corresponding to 90 s and 600 s acqui-

sition time, respectively. Five independent acquisitions/reconstruction were generated

from the list-mode file for the 90s measurement. The RC for each sphere diameter was

calculated as the mean value for the two phantoms for the 600 s measurement (n = 2)

and for 5 reconstructions and the two phantoms for the 90 s measurement (n = 10).

The coefficient of variation (COV) (i.e. the standard deviation divided by the mean

value) was calculated in a ROI covering the whole background volume except a margin

around the spheres and edge of the phantom. The mean COV from the two different

phantom preparations was used (n = 2).

The sphere-to-background contrast was evaluated in both the NEMA and Jaszczak

phantoms. The contrast was in this case defined as the ratio between the peak value in

the sphere and the peak value in the background. This metric, we believe, can be better

at reflecting the distinguishability between very small hot spheres and noise, as com-

pared to standard contrast to noise ratio. The peak value was calculated as the mean

value of a 3 × 3 × 3 voxel cube centred on the voxel with the highest activity concentra-

tion in the defined ROI. The ROIs were drawn in the axial image slice at the centre of

the spheres in the PET image with 600 s acquisition time, and then copied to the PET

series representing different acquisition times, which could lead to a different position

of the cube depending on which voxel had the highest value inside the ROI. The peak

value in the background was calculated around the background voxel with the highest

activity concentration in a ROI covering the whole background except a margin around

the spheres and edge of the phantom, in the same slice as the sphere ROIs.

The detectability of each sphere at each acquisition time and SBR was assessed by

means of subjective grading on a binary scale. Spheres that were considered clearly vis-

ibly were assigned a score of 1, whereas spheres that were not visible or not distin-

guishable from background noise were given a score of zero. The sensitivity was

calculated as the sum of the scores divided with the highest possible score. The evalu-

ation was performed in consensus by two nuclear medicine physicists.

In the homogenous phantom, circular ROIs with a diameter of 5 cm were drawn in

the centre of each slice and the COV was calculated as a function of slice position. The

mean COV over ROIs in five slices was used.

Statistical analysis

The data are presented as mean ± 1 standard deviation (SD).
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Linear and logistic mixed models were employed to evaluate the difference between

DMI and D690. In all models, sphere and time were included as random effects and

SBR was added as a factor to each model. A p value below 0.05 indicates the statistical

significance and all analyses were performed in Stata 16SE.

Results
The measured COV was higher for the DMI than for the D690 for all acquisition times

studied (Fig. 1). The recovery coefficient measured in the NEMA Body phantom

showed slight differences between the PET/CT systems at any acquisition time (noise

level) and SBR studied (Fig. 1).

The ratio of the contrast (spherepeak/backgroundpeak)
DMI/(spherepeak/background-

peak)
D690 for the NEMA body phantom (sphere diameter 10–37mm) was nearly one

(1.05 ± 0.22) at SBR 10:1 and acquisition times 15–600 s (Fig. 2). The noise level in the

background for an acquisition time of 600 s per bed was comparable with the noise

level seen in the liver in patient FDG-scans.

The contrast for the small spheres (diameter 3.95–9.89mm) in the Jaszczak phantom

was, on average, 1.22 ± 0.10 times higher for the DMI compared to the D690 scanner at

SBR 15:1 (Fig. 3). The ratio between the scanners decreased for lower SBR to 1.06 ± 0.10

and 1.03 ± 0.06 at SBR 7.5:1 and 3.85:1, respectively. The linear mixed models show that

the contrast for the small spheres for all measure times and SBR was lower for the D690:

− 0.283 (95% CI − 0.535, − 0.031). This difference is statistically significant. Example im-

ages of the DMI and D690 for different SBRs and acquisition time can be seen in Fig. 4.

All spheres in the NEMA phantom (10–37mm) were visible at all acquisition times

for both scanners. The detectability of the smaller spheres in the Jaszczak phantom can

be seen in Fig. 5. The sensitivity was 98% and 88% for the DMI and D690, respectively,

Fig. 1 a The recovery curve (RC) for the NEMA Body phantom (sphere diameter 10–37 mm) with a sphere
to background ratio (SBR) of 10:1 at 600 s and 90 s per bed position. The data presented is a mean value of
two phantom preparations for the 600 s measurement, and for two phantom preparations and 5
independent acquisitions/reconstructions for the 90 s measurement. b The noise level [the coefficient of
variation (COV)] in the background of the phantom at different times per bed position
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for SBR 15:1. For SBR 7.5, the sensitivity was 75% and 83% for the DMI and D690, re-

spectively, and for a SBR of 3.85:1, the sensitivity was 43% and 30% for the DMI and

D690, respectively. The logistic mixed models show that there was no statistical differ-

ence in the odds for detectability between the two scanners (p value 0.075, with a confi-

dence interval of 0.066–1.140).

The homogeneously filled phantom, scanned over two bed positions, showed that the

COV is slightly lower for the D690 system. The difference corresponds well with the

ratio of the slice thickness, which is equal to 1.17. In the middle of each bed position,

the COV reached a minimum level of around 0.10 and, in the overlap, the COV in-

creased to about 0.14 for both systems (Fig. 6). The phantom did not cover the whole

axial field of view in the DMI system, rendering the DMI curve not to cover the whole

100% of the FOV.

Discussion
For large spheres (10–37mm), no differences between the PET/CT systems could be

demonstrated even though the noise level was increased above the level normally seen

in patient studies. For the smaller spheres (3.95–9.89 mm), a marginally better detect-

ability at lower noise levels was seen for the SiPM-based scanner.

To best demonstrate differences between the hardware of the systems, the acquisition

and reconstruction parameters for the PET-images were the same for both systems.

The number of subsets was 16 because this was one of the few choices available that

could be the same on both systems. The number of iterations, four, was selected to

reach convergence in the reconstruction. No post-filtering was used, but resolution re-

covery and time-of-flight were used. Although these are scanner specific to some ex-

tent, they correct for the specific hardware limitations and are, therefore, part of the

system. Another difference that we were unable to influence was the slice thickness.

In all measurements, the noise level was higher for the DMI system. This was because

of the smaller voxel size for the DMI (due to the thinner slice thickness, 2.79 and 3.27

mm for the DMI and the D690, respectively). The higher sensitivity of the DMI system

depends mainly on the increase in the number of PET-rings from three to four, and

not the shift from analogue to digital PM-tubes. Although the inter-block Compton

scatter recovery implemented on the DMI may increase the sensitivity by up to 20 %,

the study of Vandendriessche et al. on a three-ring DMI system with SiPM showed a

Fig. 2 a The ratio between the Discovery MI (DMI) and the Discovery 690 (D690) of the spherepeak/
backgroundpeak ratio for acquisition times 600–15 s/bed in the NEMA body phantom. The hot spheres had
diameters of 10–22 mm and the phantom was filled with SBR 10:1 with 18F-FDG. b Images of the phantom
with 600 and 60 s per bed position at an SBR of 10:1
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Fig. 3 (See legend on next page.)
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sensitivity in the NEMA tests of 7.3 cps/MBq, which is within the same range as the

NEMA tests (6.9 cps/MBq) performed on the three-ring system with analogue PM-

tubes used in the present study [12]. Although the four-ring DMI sensitivity is approxi-

mately double that of the three-ring D690 system, the resulting image noise level is

somewhat higher, as demonstrated in Fig. 6. The DMI has a slice thickness of 2.79 mm

compared to the D690 thickness of 3.27 mm causing a higher noise level in the DMI

images. The DMI images will thus include more noise when using the same OSEM re-

construction parameters.

A patient administrated with 4MBq/kg, scanned for 1.5 min per position, and where

the images are reconstructed with OSEM to convergence and a Gaussian post filter

with a full with at half maximum in the range of the spatial resolution, has a noise level,

COV, of approximately 0.1 in the liver. Using the same noise level in the phantom

(600 s/bed) as for patients gave no differences in detectability between the PET/CT sys-

tems. Reconstructions representing shorter acquisition times were, therefore, studied to

investigate potential differences at other noise levels.

The slice thickness for the systems is in the same range as the diameter of the smal-

lest spheres that were used in the study. There is, therefore, a risk that the signal and

detectability of theses spheres depend on the positioning of the phantom (i.e. if the

sphere is positioned in the middle of a detector crystal or between two crystals). How-

ever, the measurement was repeated, with the phantom moved 2mm, with virtually

identical results.

The RC-curve for the NEMA Body phantom did not present any apparent differ-

ence between the two examined systems. The smaller spheres in the Jaszczak

(See figure on previous page.)
Fig. 3 The ratio between the Discovery MI and the Discovery 690 of the spherepeak/backgroundpeak ratio
for acquisition times 600–15 s/bed in the cylindrical Jaszczak phantom. The spheres had diameters between
3.95 and 9.89 mm and the phantom was filled with 18F-FDG. The sphere-to-background ratios (SBRs) were
15:1, 7.5:1, and 3.75:1, respectively

Fig. 4 Example images of the Discovery DMI and Discovery 690 for different sphere-to-background ratios
(SBRs) and acquisition times. The greyscale has been adjusted for each SBR experiment to facilitate
visual comparison
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Fig. 5 Detectability of the small spheres in the Jaszczak phantom at different sphere-to-background ratios
(SBRs) and different acquisition time for the Discovery MI and Discovery 690 scanners
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phantom was not evaluated with a recovery curve since the size of the sphere is

small in comparison to the spill-out effect and the value would not be correctly

reproduced.

The present study demonstrates only a marginal difference between the analogue

and SiPM-system that is likely not clinically relevant using OSEM reconstructions.

However, there is a theoretical increase in time-of-flight capability with the DMI-

system, which is too small to impact the hotspots in the NEMA-body phantom or

the smaller hotspots in the Jaszczak phantom, because these phantoms may be too

small. Previous studies have reported an increased image quality using BSREM re-

construction algorithms compared to OSEM reconstruction in analogue systems for

oncology studies. Higher signal-to-noise ratio/background variability, higher SUV

and SUVmax, and higher signal-to-background ratio/contrast recovery have been re-

ported [9, 13–15]. The same result has been seen on digital SiPM-systems compar-

ing OSEM with BSREM reconstruction [5, 16]. This study indicates that the

reported increased image quality with the new digital PET/CT-systems is mainly

due to the improved reconstruction algorithm BSREM since no significant differ-

ences can be measured for the hardware when comparing the SiPM-system with

the modern analogue system from GE Healthcare. Comparing digital and analogue

systems from other vendors might give other outcomes if, for example, they have

made more changes in crystal size.

SiPM can, however, have other advantages compared to analogue PM-tubes than only

the image quality (e.g. higher reliability and longer lifetime). SiPM also provides a

higher timing resolution that could be of interest, for example, in absolute quantifica-

tion of myocardial blood flow.

Fig. 6 The coefficient of variation (COV) for the Discovery MI and Discovery 690 scanners in two bed
positions with an overlap of 24% measured in the homogenous phantom
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Conclusion
Marginally higher contrast in small spheres was seen for the SiPM-based scanner, but

no significant difference was found in small lesion detectability between the scanners.

The overall performance of the scanners was similar, suggesting that the SiPM-based

detectors are not the primary reason for the improved image quality when comparing

the analogue and digital PET systems in this study.
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