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Abstract
Purpose Digital PET/CTscanners represent a significant step forward in molecular imaging.We report here the clinical impact of
digital PET in PSMA-PET/CT.
Methods In this retrospective study, 88 consecutive patients who underwent [68Ga]Ga-PSMA-11 PET/CT on a digital PET/CT
(dPET/CT) scanner for recurrent prostate cancer (PC) were included in a first cohort. In a second step, 88 individuals who
underwent an analogue [68Ga]Ga-PSMA-11 PET/CT (aPET/CT) were selected after they were matched to the first cohort for
clinical parameters. Following consensus read by two nuclear medicine physicians, the number and type of PC lesions as well as
benign, PSMA-positive lesions were recorded. The results were complemented by extensive [68Ga]Ga phantommeasurements to
determine imaging characteristics of both scanners.
Results dPET/CT revealed a greater number of PC lesions compared to aPET/CT (326 versus 142) as well as a proportional
increase in benign causes of tracer-uptake (144 versus 65). A greater number of scans were noted as pathological for PC on dPET/
CT (74/88) compared to aPET/CT (64/88, p < 0.05). The PSMA positivity rate for PC was significantly higher in dPET/CT for
the lowest PSA values (PSA < 2.0 ng/ml, p < 0.05).
Conclusion dPET/CT detected more PC lesions compared to aPET/CT. A significantly higher rate of pathological PET/CTs was
noted in the group with the lowest PSAvalues. A higher number of benign PSMA-positive lesions were also noted in dPET/CT.
The differences could be plausibly explained by the measured imaging characteristics of the scanners.
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Introduction

Prostate cancer (PC) is the most common malignancy in men
and the third leading cause of cancer-related death in men [1].
Despite initial therapy at early-stage disease, biochemical re-
currence remains a commonly encountered entity and presents
a challenge for conventional imaging modalities given their
limited abilities to detect disease at early stages of recurrence.

Although the exact timing of salvage radiotherapy (SRT) re-
mains a topic of debate, early SRT may be beneficial for some
patients [2]. However, previous studies have demonstrated
that at lower PSA values (and therefore at early-stage bio-
chemical recurrence), the diagnostic performance of PSMA
ligands remains limited [3]. The challenge for nuclear medi-
cine is therefore to develop methods better suited to the detec-
tion of PC recurrence at early stage.

The prostate-specific membrane antigen (PSMA), also
known as folate hydrolase I or glutamate carboxypeptidase
II, has become the focus of much attention owing to its high
levels of expression on PC cells [4]. Following its clinical
introduction in 2011, PSMA ligand molecular imaging has
rapidly established itself as the investigation of choice in re-
current PC [3, 5–7]. Furthermore, PSMA-directed radioligand
therapy is a rapidly evolving treatment modality for metastatic
disease, creating an additional theragnostic role for PSMA
ligand molecular imaging [8]. A number of PSMA-
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radioligands have become available to the nuclear medicine
physician and are the result of a concerted research effort in
recent years to develop tracers best suited for the identification
of PC lesions.

In step with these recent advances in radiopharmacy, there
has been much recent progress in PET/CT technology. Since
the introduction of the first combined PET/CTscanner in 2000
[9], PET detectors have been based on scintillation crystals
coupled with photomultiplier tubes (PMT), which introduces
inherent physical limitations to the scanner’s performance.
The recent introduction by several manufacturers of new-
generation fully digital PET/CT (dPET/CT) systems based
on solid state detectors represents a significant step forward
in this regard, with a number of technical advantages includ-
ing 1:1 coupling between crystals and detectors, enhanced
spatial resolution, faster TOF and shorter dead time. Initial
reports for various systems demonstrate favourable perfor-
mance characteristics in comparison to previous generation
analogue systems [10–12], which correlate to improvement
in image quality [13] and lesion detection [14]. However,
whether such technical performance characteristics translate
into a higher detection rate in PSMA-PET/CT has not been
demonstrated, which this paper aims to address. We also pro-
vide head-to-head phantom measurements for 68Ga which
provide an objective basis upon which to interpret our clinical
findings.

Materials and methods

Patient population

In this retrospective analysis, we included 88 individuals who
were examined on our digital PET/CT (dPET/CT) between
October 2018 and March 2019. On the basis of PSA and
Gleason Score, 88 corresponding patients examined between
February 2018 and October 2018 on one of two cross-
calibrated analogue PET/CTscanners (aPET/CT)were includ-
ed, with age and tumour stage (T, N and M) as closely

matched as possible. Previous treatments are outlined in
Table 1.

The patients were then grouped by PSA value (<0.5, 0.5–
2.0, 2.0–4.0, >4.0 ng/ml). Both cohorts’ characteristics are
outlined in Table 2. All patients were referred to our centre
for [68Ga]Ga-PSMA-11-PET/CT in the setting of biochemi-
cally recurrent PC. Any patients with androgen deprivation
therapy in the previous 6 months were excluded, given the
known influence this has on PSMA expression [15].

All patients provided written, informed consent for anony-
mous retrospective evaluation of their clinical information,
which was performed in accordance with the Helsinki
Declaration. This retrospective study was approved by the
institutional ethics commission (KEK-Nr. 2018-00299).

Radiotracer

[68Ga]Ga-PSMA-11 was produced as previously described [7,
16]. The [68Ga]Ga-PSMA-11 solution given by intravenous

Table 1 Details of initial treatment of both cohorts. OP operative
(prostatectomy), OP + RT combined prostatectomy and radiotherapy,
RT radiotherapy alone, Chemo chemotherapy; Unknown details of
initial treatment not available in patients’ notes. N.B. all patients
receiving ADTwere excluded from this study

Initial treatment(n) Digital (n =) Analogue (n =)

OP
OP + RT
RT
Chemo
Unknown

55
10
14
1
8

56
20
10
0
2

Table 2 Matched-pair cohort characteristics [median (min-max)] for
each PSA group: Gleason Score (GS), Age und TNM Stage (Union for
International Cancer Control UICC, 8th Ed.)

PSA < 0.5 ng/mL

Digital Analogue

GS 7 (7–9) 7 (6–9)

Age 70 (57–77) 67 (58–76)

T 3 (0–3) 2 (2–3)

N 0 (0–1) 0 (0–1)

M 0 0

PSA 0.5–2.0 ng/mL

Digital Analogue

GS 7 (6–9) 7 (6–9)

Age 67 (50–78) 67 (58–78)

T 3 (1–3) 3 (2–3)

N 1 (0–1) 0 (0–1)

M 0 0

PSA 3.0–4.0 ng/mL

Digital Analogue

GS 7 (6–9) 7 (6–9)

Age 72 (54–83) 72 (55–83)

T 3 (1–4) 2 (2–3)

N 0 (0–1) 0 (0–1)

M n = 1 0

PSA 3.0–4.0 ng/mL

Digital Analogue

GS 7 (6–9) 7 (6–9)

Age 71 (48–83) 71 (54–78)

T 2 (1–4) 3 (1–3)

N 0 (0–1) 1 (0–1)

M n = 3 n = 0
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bolus injection (for the dPET/CT mean of 218 ± 31 MBq,
range 162−312 MBq; for the aPET/CT mean 197 ± 18
MBq, range 124−222) with a target dose of 3 MBq/kg.

Imaging

All patients received regular whole-body PET scans (from
head to the thighs) at 1.5 h p.i following oral hydration with
1 L of water (beginning from 30 min p.i.) and 20 mg of i.v.
furosemide (at 1 h p.i.).

Image acquisition

All patients were investigated using either a Biograph-
VISION 600 PET/CT digital scanner (n = 88) “dPET/CT”
or one of two cross-calibrated Biograph-mCT PET/CT ana-
logue scanners (n = 88) (“aPET/CT”) (both: Siemens,
Erlangen, Germany). The examination protocols and recon-
struction algorithms used are included in supplementary ma-
terials I.

Image evaluation

Image analysis was performed using an appropriate worksta-
tion and software (SyngoVia; Siemens, Erlangen, Germany).
Two experienced physicians (one postgraduate physician with
7 years’ clinical experience and one board-certified nuclear
physician with 10 years’ experience – first and third authors,
respectively) read the data sets together and resolved any dis-
agreements by consensus.

Lesions that were visually considered at consensus read as
suggestive for PC exhibiting increased tracer-uptake relative
to local background were counted. The examination was not-
ed to be “positive” (pathologic) or “negative” for PSMA-avid
PC lesions.

For calculation of the maximum standardised uptake value
(SUVmax), circular regions of interest were drawn around
areas with focally increased uptake in transaxial slices and
automatically adapted to a three-dimensional volume of inter-
est at a 40% isocontour as previously described [7]. Lesion to
background ratio (TBR) was determined by measurement of
SUVmax relative to the mean standardised uptake value
(SUVmean) of a 1 cm3 volume of interest (VOI) placed in
the left gluteal musculature. SUVmax for lesion suggestive
of PC and SUVmean for gluteal uptake were chosen as the
values with the lowest coefficient of variation [17]. Cross-
sectional area was determined by orthogonally placed diame-
ter measurements for the largest cross-sectional diameter as
determined by the co-registered CT.

Lesions identified by consensus as benign structures such
as ganglia, ureteric activity or nonspecific tracer-uptake asso-
ciated with clearly identifiable benign structures such as bone
fractures were counted. Visual criteria for the differentiation

between ganglia and lymph nodes were as described previ-
ously [18] and aided by a co-registered thin-slice CT (CT
parameters in supplementary materials). Known pitfalls were
considered according to previously published criteria [18–20].

Statistical analysis

Statistical analyses were performed using Excel (Microsoft,
Redmond, Washington). Comparison in detection rates for
the two matched-pair cohorts was calculated by Pearson’s
chi-squared test. P values < 0.05 were considered statistically
significant. Differences in the means for lesion SUVmax,
TBR and cross-sectional diameter were determined by the
unpaired t-test (two-tailed).

Phantom measurements

Six water-filled active spheres with volumes of 0.25 ml, 0.5
ml, 1 ml, 2 ml, 4 ml and 8 ml were filled with 68Ga-PSMA-11
and circularly arranged in cylindrical phantom of 220 mm
diameter filled with 6830 ml of active water background.
Sphere walls consisted of 1-mm-thick epoxy resin, and the
spheres were mounted on a 4-mm-thick and 40-mm-long ep-
oxy rod. The radial offset of the spheres was 70 mm, and the
ratio of foreground (sphere) activity concentration (FAC) to
background activity concentration (BAC) was five to one. The
same phantom was used consecutively on both examined
PET/CT systems, with the initial sphere activity being 28.1
kBq/ml at the beginning of the digital PET measurements
and 13.3 kBq at the beginning of the analogue PET measure-
ments. Please note that the custom-made metric spheres are
smaller than the NEMA NU2 spheres commonly used for
PET calibration. Additionally, the spheres’ variation in vol-
ume is more regular and more densely sampled in comparison
to NEMA NU2 standards. Consequently, the according phan-
tom measurements more closely match the actual clinical im-
aging situation under investigation. Moreover, phantom mea-
surements on each scanner comprise 16 differing acquisition
times covering a broad range of possible exposures and ac-
cording signal-to-noise ratios. Further acquisition details can
be found in supplementary materials II.

Results

Detection rate

As shown in Fig. 1, a higher number of lesions were identified
by dPET/CT compared with aPET/CT (benign,144 versus 65;
PC lesions 326 versus 142), and a significantly higher number
of individuals (74/88, 84%) had pathological PSMA-PET by
dPET/CT, compared to aPET/CT (64/88, 73% p = 0.0476).
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Figure 2 shows the PET positivity rate by PSA group.
Notably, statistically significant higher rates (p = 0.01) were
noted for the PSA < 0.5 ng/ml group and the PSA 0.5–2.0
ng/ml group (p = 0.01). For PSA values > 2.0, no statistically
significant difference was noted. We also note that the asymp-
tote (beyond which no significant increase is seen) was
achieved at PSA 0.5–2.0 ng/ml for dPET/CT and PSA 2.0–
4.0 ng/ml for aPET/CT, suggesting that the maximal rate of
pathological PSMA/PET is reached at earlier PSA values in
dPET/CT compared with aPET/CT.

Detection by lesion type

Lesions were classified as benign, lymph node metastasis
(LN) of PC, bone metastasis of PC or local recurrence (in
the prostatic fossa or seminal vesicles). No patterns were dis-
cernible in the comparison between dPET/CT and aPET/CT,
with roughly proportional patterns observed between the two
cohorts. The results are shown in Fig. 3.

Lesion size, SUVmax and lesion to background ratio

For the PSA groups in which differences were discernible for
the detection rate (PSA < 0.5 and PSA 0.5–2.0 ng/ml), a sub-
analysis was then performed for lesion size, lesion SUVmax
and lesion to background ratio. No statistically significant
differences in lesion size were noted between the two cohorts.
We note lower, albeit nonsignificant SUVmax values for PC
lesions on dPET/CT at PSA < 0.5 ng/ml, with statistical sig-
nificance being reached for the PSA 0.5–2.0 ng/ml group.
Likewise, for tumour-to-background ratio (TBR), higher, al-
beit nonsignificant TBR values were observed for dPET/CTat
PSA < 0.5, with statistical significance being reached for the
PSA 0.5–2.0 ng/ml group (p = 0.03). The results are shown in
Table 3.

Follow-up

To interrogate the possibility that the higher detection rate for
the dPET/CT was a result of the incorrect identification of
PSMA-avid lesions (i.e. false positives) clinical follow-up
was performed. In particular, for the patients where a higher
detection rate was noted, patient notes were interrogated for
correlative information. For dPET/CT patients in the PSA <
0.5 ng/ml and 0.5–2.0 ng/ml cohorts, clinical follow-up was
available for 65% of patients (n = 22/34). Of those for whom
follow-up was available, 81.8% (n = 18) went on to receive
radiotherapy, 9.1% (n = 2) chemotherapy, 4.5% (n = 1) hor-
mone deprivation and 4.5% (n = 1) watchful waiting. All
patients with posttreatment PSA values available (n = 9) had
a fall in PSA, with none presenting with rising or equivocal
results. For those without PSAvalues available, a further (n =
6) patients had correlative MRI findings. No examples of dis-
cordant imaging were noted. For the remaining n = 7 patients,
regrettably no correlative findings were available.

Fig. 2 Frequency of pathological
PSMA-PET/CT by scanner type
and PSA group. *Indicates groups
where statistical significance was
reached (PSA < 0.5 and PSA 0.5–
2.0)

Fig. 1 Number of both benign and malignant lesions detected by
analogue and digital PET/CT in the patient cohorts
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Phantom measurements

Figure 4 a and b show normalised recovery values plotted
against exposure for both scanner types, dPET/CT and
aPET/CT. The expected recovery for each sphere is seen at
the highest exposures, with normalised recovery values being
higher for smaller spheres in dPET/CT. For example, in the
case of the 0.25-ml sphere, recovery amounted to 0.33 for
aPET/CT and 0.57 for dPET/CT.

Decreasing exposure and thus decreasing the image count
statistics lead to apparently increasing recovery values. This
excess in recovery was more pronounced in data from
dPET/CT, where up to a factor of 2.5 versus a factor of 1.5
higher recovery was observed in contrast to aPET/CT.

Figure 4 c and d show the distinguishability of the spheres
(foreground) against their background, which is illustrated by
the vertical lines (which represent the intersection between the
background and sphere activity). Further details on the math-
ematical definition are detailed in supplementary materials II.

The 10% quantiles estimated for the 0.25-ml sphere
intersected the noise 90% quantiles at an exposure of 124

kDecays/ml in aPET/CT and at 21 kDecays/ml in dPET/CT.
The intersection for the 0.5-ml sphere in aPET/CT happened
at 35 kDecays/ml, whereas for this sphere, no intersection
could be seen in dPET/CT. All other spheres showed no in-
tersections between quantiles. This proves that smaller
spheres are better distinguishable from background in dPET/
CTat low exposures. At this point, we note that the coefficient
of variation of the background activity concentration was the
same for both PET/CT systems over the entire exposure range
(dashed lines).

In Fig. 4c and d, we fitted a power law function to the
recovery exposure curves from Fig. 4a and b. This shows
more clearly the transition of the recovery from a constant
value at high exposures to a steeply rising value at low expo-
sures, a measure of image noise. We see that this transition
occurs at higher exposures for aPET/CT compared with
dPET/CT, again illustrating the improved contrast-to-noise
ratio (CNR) in the latter. This is further supported by the
log-log plot for the CNR versus exposure (Fig. 5). Here, the
CNR was better over the entire exposure range for dPET/CT
than for aPET/CT.

Discussion

As described, PET/CT with PSMA-targeted radioligands has
rapidly become the investigation of choice in recurrent PC,
exhibiting impressive diagnostic performance, and several re-
cent publications demonstrate their outperformance of con-
ventional imaging techniques such as MRI [21, 22].
Nevertheless, early stages of recurrence continue to represent
a significant diagnostic challenge. While prospective studies
are yet to confirm the clinical benefit of early PSMA-guided
radiotherapy [23], the challenge remains for nuclear medicine
physicians to accurately diagnose recurrent PC at earlier
stages where the chance for a curative therapy may be at its
highest.

The recent introduction by several manufacturers of
digital PET/CT scanners onto the market represents a

Fig 3 Largely proportional
patterns of lesions were identified
across both cohorts

Table 3 Comparison of lesion characteristics between two scanner
types (lesion size, SUVmax of pathological lesions and tumour/
background ratio). All data presented as mean ± standard deviation (min-
imum-maximum). Instances where results reach statistical significance
are marked by an asterisk*

Size of PC lesions (cross-sectional diameter (cm)

PSA Digital Analogue p

<0.5
0.5–2.0

1.2 ± 1.4(0.36–7.74)
0.9 ± 0.39(0.26–2.75)

1.05 ± 1.0(0.3–5.6)
1.05 ± 0.74(0.4–4.6)

p = 0.74
p = 0.25

PC Lesion SUVmax

PSA Digital Analogue p

<0.5
0.5–2.0

9.7 ± 6.0(3.3–28)
6.7 ± 5.6(1.6–18.2)

11.1 ± 7.6(4.1–28.8)
11.0 ± 18.9(2.1–41.9)

p = 0.36
p = 0.11

Tumour/background ratio

PSA Digital Analogue p

<0.5
0.5–2.0

33.6 ± 21.6(12.3–93.3)
41.0 ± 33.9(8.0–114.0)

22.4 ± 37.4(10.3–128.0)
31.4 ± 35.1(5.3–134.0)

p = 0.36
p = 0.030
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significant development in nuclear medicine. Compared
to previous generation analogue scanners, such dPET/CT
systems demonstrate very favourable performance charac-
teristics [10, 11] with increased lesion detection, sensitiv-
ity and image quality being reported by numerous studies
[12, 24]. More recently, Fuentes-Ocampo et al. published
an intra-patient analysis in [18F]FDG PET/CT, albeit lim-
ited to comparison in SUVmax measurements rather than
detection rate [25]. Nguyen et al. also found increased
image quality, SUV values and lesion sharpness, with

additional lesions being identified in dPET/CT in 5 of
their cohort of 21 patients in [18F]FDG PET for oncolog-
ical patients [12]. Nevertheless, these studies limit them-
selves to lesion-based analyses and have been performed
in small cohorts. López-Mora et al. report improved im-
age quality, inter-reader agreement and no significant dif-
ference in the total number of lesions detected by each
system. They did, however, note an improved lesion de-
tection for a small subset of patients in a prospective
head-to-head series of 100 patients using [18F]-FDG or

Fig 4 Normalised recovery of
maximal values found in spheres
and mean background values
plotted against exposure for
analogue PET/CT (a) and digital
PET/CT (b). In (c) and (d), a
power law fit is shown instead of
the actual measurement points
(solid lines). Dotted lines repre-
sent the quantiles and the dashed
lines represent the background
with its coefficient of variation.
Vertical lines show intersections
between sphere and background
quantiles. Colours in legend (a)
apply to all.

Fig 5 Contrast-to-noise ratios
(CNR) for analogue PET/CT (a)
and digital PET/CT (b) plotted
against exposure
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[18F]-FluoroCholine [14]. However, no publications re-
port the clinical impact of dPET/CT PSMA-PET/CT,
which this study aims to address.

Fuentes-Ocampo et al. randomly assigned patients to
dPET/CT with repeat scanning by aPET/CT on the same day
and vice-versa [25]. While this methodology afforded an ele-
gant lesion-based comparison, we do not consider this ap-
proach well suited to PSMA-PET/CT, where a combination
of short radioisotope half-life and in vivo tracer-kinetics
means that repeat scanning would have to be performed at a
separate occasion with comparable tracer-uptake time,
resulting in an unjustifiable additional radiation exposure
[26, 27]. Instead, we propose a matched-pair approach, as
previously published for the comparison of PSMA-
radioligands [28].

In contrast to López-Mora et al., who report no increased
total lesion detection in dPET/CT, our retrospective matched-
pair analysis revealed a higher detection rate for PSMA-avid
PC lesions in dPET/CTcompared to aPET/CT, with more than
twice as many lesions detected in dPET/CT (326 versus 142)
[14]. A proportional increase in PSMA-avid benign lesions
was also noted (144 versus 65). Consequently, a higher overall
PSMA positivity rate was noted in dPET/CT (an extra 10
patients, 11%). Division of the patients into PSA groups
(PSA < 0.5, PSA 0.5–2.0, PSA 2.0–4.0 and PSA > 4.0 ng/ml)
revealed a statistically significant higher rate of pathological
PET for the lowest PSA groups (PSA < 0.5 and 0.5–2.0)
demonstrating the utility of dPET/CT in the diagnostically
most challenging groups. Our PSMA positivity rate in
aPET/CT was comparable to those previously published for
the same tracer and comparable examination protocol [3].

We note that beyond certain PSA values, no increase is to
be expected, with a maximum detection rate of 97%; a small
number of dedifferentiated PC lesions exhibit no PSMA-
avidity meaning that 100% cannot be achieved [29]. It is ap-
parent that the rate of pathological PET rises with PSA until a
certain value, beyond which no further increase occurs. The
asymptote for this is observed to occur at lower PSAvalues in
dPET/CT (PSA 0.5-2.0 ng/ml) compared with aPET/CT (2.0–
4.0 ng/ml). Beyond these values, no difference between the
two scanners was observed. We interpret this finding as being
of substantial clinical value: hitherto our institutional advice in
the case of initially negative PSMA scanning is to repeat im-
aging at PSA > 2.0 ng/ml, and should this subsequent scan be
negative, we recommend [18F]F-Choline PET to rule out non-
PSMA-avid disease. In the light of these results, we suggest
this threshold be lowered in the case of dPET/CT.
Furthermore, when selecting patients for imaging, those pre-
senting with PSA values <2.0 ng/ml should be directed to
dPET/CTwhen available.

In common with studies in recurrent PC, no histological
verification of our lesion classification was available. In order
to mitigate against this, we considered known pitfalls and

causes of benign uptake (such as ganglia or degenerative/
benign bone disease) at a consensus reading of all scans
[18–20, 30, 31]. Cognisant of the possibility that the increased
detection rate observed could be attributable to increased non-
specific tracer-uptake and subsequent misidentification of le-
sions, we undertook clinical follow-up for the subset of dPET/
CT patients at PSA < 2.0 ng/ml. Follow-up information was
available for 65% of this subgroup of patients, a favourable
rate compared with previous matched-pair analyses [28]. For
all patients with available follow-up, either concordant falls in
post-radiotherapy PSA or correlative MRI imaging was avail-
able, with no discordant cases noted.

We also note with interest the increased rate of benign
PSMA uptake reported in [18F]-based PSMA ligands, such
as [18F]-PSMA-1007 [28, 32], whereas any increase seen in
dPET/CT was proportional (see Fig. 3). With the increasing
clinical use of such tracers, we expect our finding of propor-
tional increases in benign PSMA uptake to be of even greater
significance. Mindful of the fact that studies (which report
scanner characteristics) for these tracer-types have hitherto
been published using aPET/CT, we consider further studies
combining these new tracers with dPET/CT to be of utmost
importance.

We also performed sub-analysis of the data with respect to
lesion size. Numerous publications have reported detection of
smaller lesions owing to the greater spatial resolution afforded
by dPET/CT design [11, 33]. Intriguingly, we find no statisti-
cally significant difference in lesion size between the dPET/
CT and aPET/CT, suggesting that the increased detection rate
is not attributable simply to the detection of smaller lesions.
Previously published lesion-based SUVanalyses reveal higher
SUV measurements in the same lesion in dPET/CT [25]. In
contrast, our matched-patient cohort analysis revealed that the
mean SUVmax lesion was lower in dPET/CT for PSA < 0.5,
with statistical significance for PSA 0.5–2.0 and higher
tumour-to-background ratio. Noting the higher sensitivity
and TBR (tumour-to-background ratio) in dPET/CT, which
is confirmed by our extensive phantom measurements, we
posit that dPET/CTwas better able to detect lesions with lower
SUV values. This hypothesis finds support in our clinical
observation that this higher detection rate was noted in the
lowest PSA group, which can be expected to exhibit weaker
PSMA expression [7] and therefore lower tracer-uptake.

Our clinical results find additional support in our phantom
measurements, which provides a direct comparison of the two
scanners’ performance characteristics and complements our
matched-pair analysis. Comparing the PET recovery curves
obtained from these measurements (Fig. 4a, b), we find higher
recovery at the highest exposures for all spherical volumes,
reflecting the known higher spatial resolution of the dPET/CT
system. When looking at Fig. 4 c and d, we see identical
coefficients of variation for the background (CVbac), even
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though the spatial resolution of the dPET/CT acquisitions is
higher.

This means that any potential increase in image noise
brought by an increased spatial resolution was counteracted
by the dPET/CT’s higher sensitivity. Thus starting at an initial
higher recovery, intersections between background and sphere
(foreground) activity concentration quantiles occurred at low-
er exposures or not at all in dPET/CT. Taken together, this
reflects an improved contrast-to-noise ratio (CNR) for dPET/
CT compared with aPET/CT (as demonstrated in Fig. 5). In
clinical terms, this means that dPET/CT is better able to reveal
lesions with lower activity concentrations, further supporting
our finding that dPET/CT was able to detect lesions
characterised with lower SUVmax (Table 3). Furthermore,
we hypothesise that the higher tumour-to-background ratio
in dPET/CT is a consequence of the system’s higher
contrast-to-noise ratio (CNR).

In addition to the clinical relevance our results find, name-
ly, that dPET/CT demonstrates a higher rate of pathological
PSMA-PET at low PSA values, our results raise important
caveats when comparing data quantitatively between different
PET/CT systems, an issue first raised by Fuentes-Ocampo
et al. [25].

Moreover, we see a higher recovery for large spheres at low
exposures in dPET/CT (Fig. 4b). Because of the greater like-
lihood of encountering higher SUVmax in structures with a
greater number of voxels, the higher voxel count in dPET/CT
will favour higher SUVmax even at otherwise comparable
uptake and noise levels [34], raising further caveats when
quantitatively comparing data obtained in different PET/CT
systems. Our combined results suggest variability of clinical
results as a result of a complex interaction of scanner proper-
ties. With new devices being introduced to the market with
new technical features and reconstruction algorithms, this var-
iability can be expected to increase. The resultant impact upon
variability of clinical results will have to be considered by
future publications.

Beyond those already acknowledged, we note addition-
al weaknesses in our study. Ideally, post-prostatectomy
and post-radiotherapy patients should be analysed sepa-
rately, rather than in a mixed cohort, as in this study.
Our small sample (88 patients in each group) reflects
our initial experiences in a new scanner design. This small
sample size resulted in a small lesion yield at the lowest
PSA group (PSA < 0.5 ng/ml), which resulted in lack of
statistical significance for lesion SUVmax and TBR for
this group. Prospective studies with larger cohorts are re-
quired to confirm these initial findings. We also note that
the scanning acquisition parameters and reconstruction al-
gorithms differed between the two scanners and are
cognisant of their effects [34]. Instead, we draw attention
to the retrospective methodology, which reflects routine
clinical experience, with parameters and reconstruction

algorithms tailored to each scanner’s performance charac-
teristics and the manufacturer’s recommendations.

Although we cannot entirely rule out selection bias, our
matched-pair methodology revealed two comparable cohorts.
We also draw attention to the non-overlapping date range for
each cohort: no aPET patients were examined during the time
frame in which the dPET patients were examined. This elim-
inated any potential bias the choice of scanner type may have
had upon our cohorts.

We recognise that this retrospective study reflects only ini-
tial experiences with this new scanner type (at the time of
writing, our dPET system has had FDA approval for just over
1 year). We eagerly await the results of the prospective phase
II trial, due (at the time of writing) in 2 years’ time comparing
digital and analogue scanning in PSMA/PET-CT for confir-
mation of our results (NIH Register: NCT03081767).

Conclusion

In this first study reporting the detection rate for [68Ga]Ga-
PSMA-11 in dPET/CT for recurrent PC, we find increased
detection rates at the lowest PSA values. A higher total num-
ber of PSMA-avid lesions of PC were identified in dPET/CT,
with a proportional increase in benign causes of PSMA up-
take. Our results suggest that the combination of [68Ga]Ga-
PSMA-11 and dPET/CT offers increased lesion detection for
patients at early stages of recurrence. Sub-analysis of these
patients with increased detection rates revealed no difference
in size, but rather a lower SUVmax and higher tumour-to-
background ratio. In tandem with our phantom measurements
performed on both scanners, we find a higher signal-to-noise
ratio at lower exposure values, suggesting that the higher de-
tectability in dPET/CT is not solely a result of the higher
spatial resolution of the scanner, but rather a result of in-
creased sensitivity for lesions with lower tracer-uptake.
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