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Abstract
Purpose To formally determine the repeatability of 68Ga-PSMA lesion uptake in both relapsing and metastatic tumour. In
addition, it was hypothesized that the Bayesian penalized likelihood algorithm Q.Clear has the ability to lower SUV signal
variability in the small lesions typically encountered in PET images of early relapse or early metastatic disease of prostate
cancer.

Methods Patients with biochemical recurrence of prostate cancer were prospectively enrolled in this pilot test-retest study
and underwent two 68Ga-PSMA PET/CT scans within on average 7.9 days. Lesions were classi�ed by two independent
readers as suspected local recurrence, lymph node metastases or bone metastases. Two datasets were generated: one
standard ordered subset expectation maximization (OSEM) reconstruction  incorporating both time-of-�ight (TOF) and
point spread function (PSF) modelling, and one with the Bayesian penalized likelihood (BPL) reconstruction algorithm,
called Q.Clear. For tumour lesions the maximum standardized uptake value (SUVmax) were determined. Repeatability
was formally assessed using Bland-Altman analysis for both BPL and standard reconstruction.

Results  A total number of 65 PSMA-positive tumour lesions were found in 23 patients (range 1 to 12 lesions a patient).
Another 7 patients had no detectable lesions and were therefore excluded. Overall repeatability in the 65 lesions was
-1.5% ± 22.7% (SD) on standard reconstructions and -2.1% ± 29.1% (SD) on BPL reconstructions. The difference was not
statistically signi�cant. 68Ga-PSMA SUVmax had upper and lower limits of agreement of +42.9% and -45.9% for standard
reconstructions and +55.0% and -59.1% for BPL reconstructions, respectively. Tumour SUVmax repeatability was
dependent on lesion area, with smaller lesions exhibiting poorer repeatability on both standard and BPL reconstructions
(F-test, p < 0.0001).

Conclusion 68Ga-PSMA SUVmax has relatively high upper and lower limits of agreement for both standard and BPL
reconstructions in the small lesions typical for early relapse or early metastatic disease of prostate cancer. BPL does not
seem to lower signal variability in these cases.

Introduction
In western Europe, United States and Canada prostate cancer has the highest incidence of all cancers in men, with a
global incidence estimated at over 1.6 million in 2015 (1) Although many prostate cancers have a relatively indolent
behaviour and do not lead to signi�cant problems during the lifetime of a patient, patients may eventually progress to
metastatic and/or castration resistant prostate cancer (CRPC), which is considered an incurable and fatal stage of the
disease (2,3).

The optimal treatment for metastatic prostate cancer depends on characteristics of the tumour and of the patient, and
may consist of multiple modalities including hormone, chemo, external beam radiation, and radionuclide therapy (4). The
effectiveness of any treatment should be monitored, in order to refrain from ineffective therapy, unneeded costs and
avoidable side effects.

The response to treatments for prostate cancer is generally evaluated using PSA measurements. However, PSA provides a
very limited correlation with histopathological response and survival, and merely re�ects an approximation of the average
response in all lesions (5). Speci�c tumour lesions may vary in response, and selective treatments are increasingly
applied for individual clinically relevant lesions (6) or selected types of metastases such as bone metastases (7).
Therefore, monitoring of lesion-speci�c response to treatment is becoming more relevant, but cannot be provided using
PSA measurements. In addition, anatomical imaging modalities such as CT and MR are considered unreliable for
evaluation of response in bone lesions (8) and skeletal scintigraphy is unable to discriminate response and signal �are
due to bone repair (9). Metabolic imaging with 18F-FDG PET has limited sensitivity for prostate cancer and is potentially
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compromised by in�ammation after irradiation. (10). There is need for a tool that provides quantitative, lesion-speci�c
and observer-independent response evaluation, regardless of their location.

Functional metabolic imaging with 68Ga-PSMA and positron emission tomography (PSMA-PET) is potentially such a tool
because PSMA is expressed irrespective of PSA levels or tumour proliferation rate and can be targeted in PSMA directed
radionuclide therapy (11,12). However, a standardized quantitative approach still needs to be developed.

It is known that uptake measurements of radiolabeled tracers with PET in vivo suffer from many inaccuracies, as
demonstrated by experience with FDG (13), and that this requires evaluation and standardisation prior to application as
response parameter (14). This probably applies equally to PSMA-PET expression. Before quanti�cation of PSMA
expression can be used as a biological parameter to identify response to treatment, and before we can design su�ciently
powered response evaluation studies, we need to know the characteristics of the measurement technique. An important
factor that is currently less known is the normal day-to-day variability in 68Ga-PSMA expression of tumour, i.e.
repeatability.

The main aim of this pilot study is to formally determine the repeatability of 68Ga-PSMA in both relapsing and metastatic
tumour. First presentation of tumour relapse or metastatic disease in prostate cancer often is limited in nature both in
number and size. The latter causes partial volume effects (PVEs) to become increasingly relevant. Partial volume effects
start to play a role when lesion size falls below 2 to 3 times the resolution of the PET system, i.e. below 10 to 15 mm for
an average PET/CT scanner system (15), and are expected to increase signal variability. Several strategies have been
described that attempt to correct for these partial volume effects, both post reconstruction and during reconstruction of
the images (16,17).

The Bayesian penalized likelihood (BPL) reconstruction algorithm called Q.Clear (GE Healthcare, Milwaukee, USA) is such
an algorithm that is correcting for partial volume effects during image reconstruction, resulting in higher
uptake/expression values compared to standard reconstruction (16). We hypothesize that Q.Clear has the ability to lower
signal variability in the small lesions typically encountered in early relapse or early metastatic disease of prostate cancer,
the second aim of the study.

Materials And Methods
Patients

Thirty patients with biochemical recurrence of prostate cancer scheduled for routine clinical 68Ga-PSMA PET/CT were
prospectively enrolled in this pilot study (NL52809.100.16/R16.058/Ga68-PSMA test-retest study) between January 2018
and July 2019. Their scans were screened for evaluable PSMA-positive tumor lesions by two board certi�ed nuclear
physicians (MJR and CB). Seven patients had no evaluable tumor lesions and were excluded from the study. The
remaining twenty-three had their second (retest) scan within on average 7.9 days of their initial (test) scan and were
evaluated for measurements in assigned tumour lesions. Tumour lesions were classi�ed as suspected local recurrence,
lymph node metastases or bone metastases. Both baseline scans were performed before any treatment had begun. The
study was approved by the local institutional ethics review board and all patients had given written approval before any
scan was done.

PET images were acquired on a PET/CT scanner (GE Healthcare Discovery 710), with a 2.5 min acquisition per bed
position, on average 58 (range 55 to 69) min after injection of on average 1.4 (range 0.9 to 1.7) MBq/kg dose of 68Ga-
PSMA. Two datasets were reconstructed: one standard ordered subset expectation maximization (OSEM) reconstruction
including both time-of-�ight (TOF) and point spread function (PSF) modelling, and a second one using the Bayesian
penalized likelihood (BPL) algorithm, called Q.Clear (18). Both used low dose CT for attenuation correction. For the BPL
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algorithm, a beta value of 600 was used. This value was found optimal in a 68Ga-PSMA phantom study using spheres of
5-37 mm diameter (unpublished results).

PET and CT analysis

For both the test and the retest datasets, the PET and low-dose CT images were processed independently. Imaging
reading was performed using dedicated software for PET/CT imaging (Philips intellispacePortal).

In PET, tumour lesion size was measured in the axial plane using a �xed PET windowing upper level (UL) of 10 used for
stretching of the greyscale. Both long and short axis were measured, lesion area was calculated according to the simple
formula for round and oval lesions: A= π x half long axis x half short axis. Within this area the pixel with the highest
standardized uptake value is designated the SUVmax (injected dose/kg body weight). Thus SUVmax was measured in all
tumour lesions. The small size of most of the lesions did not allow for measurement of other meaningful SUVs such as
SUVpeak that need lesions of at least 1 cm3. Low dose CT was used to check for appropriateness of the lesion area
measured in PET if possible (i.e. with the exception of some bone metastases not visible on CT).

Statistical analysis

The repeatability of SUVmax in tumour lesions was assessed with Bland-Altman analysis by reporting the mean (bias)
and limits of agreement (de�ned as mean±1.96 SD) of the differences between the two measurements of individual
lesions. Bland-Altman analysis was preferred over intra class correlation coe�cients on the basis of previous
recommendations (19,20). Assessment of signal variability between lesion areas and SUVmax was assessed with F-
testing.

For the comparison of the two reconstruction techniques a paired t-test was used, i.e. BPL versus standard.

Results
A total number of 65 PSMA-positive tumour lesions were found in 23 patients (range 1 to 12 lesions), see table 1 for
patient characteristics. In addition, in 7 patients no lesions were found, and therefore these were excluded. In theory, a
perfect test-retest will result in identical values for the test and the retest. In daily practice however, measurements of a
lesions SUVmax in repeated acquisitions will yield results normally distributed around the true value. In tumour lesions
showing an increased SUVmax from test to retest the average increase was 16.8% ± 10.6% (SD) on standard
reconstructions (33 lesions) and 22.1% ± 18.6% (SD) on BPL reconstructions (30 lesions). In tumour lesions showing a
decreased SUVmax from test to retest these values were -21.0% ± 15.2% (SD) on standard reconstructions (32 lesions)
and -23.2% ± 19.7% (SD) on BPL reconstructions (35 lesions), respectively. Overall repeatability in 65 lesions was -1.5% ±
22.7% (SD) on standard reconstructions and -2.1% ± 29.1% (SD) on BPL reconstructions. The small difference between
both reconstructions was not statistically signi�cant.

Figure 1 displays the repeatability results of SUVmax for both reconstructions in all lesions (65 lesions, Figure 1A), local
recurrences (9 lesions, Figure 1B), lymph node metastases (36 lesions, Figure 1C) and bone metastases (20 lesions,
Figure 1D).

As shown in Figure 1A overall repeatability of SUVmax had upper and lower limits of agreement of +42.9% and -45.9% for
standard reconstructions and +55.0% and -59.1% for BPL reconstructions, respectively. For suspected local recurrence
SUVmax had a repeatability of -5.0% ± 14.4%, with upper and lower limits of agreement of +23,2% and -33,1% for
standard reconstructions. For BPL reconstructions SUVmax repeatability was -9.5% ± 16.8%, with upper and lower limits
at +23.5% and -42.5%. See Figure 1B. For suspected lymph node metastases SUVmax repeatability was -4.5% ± 22.8% for
standard reconstructions, with upper and lower limits of +40.1% and -49.1%. For BPL reconstructions SUVmax
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repeatability was -3.3% ± 30.6%, with upper and lower limits at +56.6% and -63,2%. See Figure 1C. For suspected bone
metastases SUVmax had a repeatability of +4.4% ± 26.1%, with upper and lower limits of agreement of +55.7% and
-46.8% for standard reconstructions. For BPL reconstructions SUVmax repeatability was +2.7% ± 32.8%, with upper and
lower limits at +67.0% and -61.6%. See Figure 1D. None of the differences between standard and BPL reconstructions
were statistically signi�cant.

Tumour SUVmax repeatability was dependent on lesion area, with smaller lesions exhibiting poorer repeatability on both
standard and BPL reconstructions (F-test, p < 0.0001). See Figure 2A and B.

Tumour absolute SUVmax was higher in BPL reconstructions than in standard reconstructions for all lesions (data not
shown). The relative increase in measured SUVmax in the BPL reconstructions (as compared to standard reconstruction)
was dependent on lesion size. Smaller lesions (lesion area < 200 mm2) showed a signi�cant larger increase of SUVmax
as compared to larger lesions (lesion area > 200 mm2): 44,3% ± 4,6% versus 25,5% ± 42,2% for the test scans (p = 0,004)
and 43,5% ± 3,9% versus 18,6% ± 3,1% for the retest scans (p < 0,001), respectively. See table 2.

Discussion
In this prospective test-retest study we formally report the repeatability of 68Ga-PSMA in both relapsing and metastatic
tumour. The main �nding of this study is the relatively high day-to-day variability of tumour SUVmax with repeatability
levels of agreement varying between +43% and -46% for all lesions taken together. For local recurrences values vary
between +23% and -33%, for the smaller lymph node and bone metastases values are +40% to -49% and +56% to -47%,
respectively. In addition to this, we show a signi�cant correlation between lesion size and SUVmax repeatability levels of
agreement.

With respect to our second aim no signi�cant differences in repeatability between standard (OSEM+TOF+PSF)
reconstruction and (TOF+PSF) + BPL reconstruction could be shown in this pilot study. There was a small difference in
favour of the standard reconstruction. However, BPL reconstructions resulted in signi�cantly higher SUVmax of tumour
lesions as compared to standard reconstructions, with signi�cantly higher relative increases in smaller lesions.

Pollard et al. reported on the repeatability of 68Ga-PSMA-HBED-CC (PSMA-11) SUVmax in relapsing prostate cancer (21).
Repeatability levels of agreement were given for lymph node and bone metastases only and were lower than in our study:
30-40% versus 40-60%. Also for other radiotracers like 18F-DCFPyL, 18F-FDG and 18F-FLT values in the 30-40% range were
reported for SUVmax (22,23). A possible explanation for the higher day-to-day variability in our study is the relative high
number of small lesions. Our study hints at a negative correlation between lesion SUVmax variability and lesion size
(Figure 2A). We believe the patient cohort of this pilot study to be representative for patients with relapsing prostate
cancer showing relatively small tumour lesions in lymph nodes and bones. Pollard et al. did not �nd any relationship
between lesion size and SUVmax variability (21). A possible explanation for this is that they only reported on relationships
within classes, i.e. within typically smaller lymph node and bone metastases, where we report on all lesions including the
larger relapses of the primary tumour in the prostate bed.

A larger day-to-day variability may have implications for lesion-speci�c response to treatment monitoring. With respect to
treatment response monitoring using 18F-FDG Wahl et al. proposed a minimum of 30% SUVmax decrease for a true
response in their PERCIST response criteria (24). A minimum of 30% response is probably not appropriate for the majority
of the relatively small lesions that are typically found in (early) relapsing prostate cancer. Our study shows that a
minimum response of 50% might be more appropriate in these cases, when using 68Ga-PSMA.

Measurements of SUVmax are known to be considerably subject to noise and thus to higher signal variability (25). In
order to overcome the drawback of noisy SUVmax, SUVpeak was proposed using a 1 cm3 volume centered around the
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voxel with the highest SUV (i.e. SUVmax) thus being less subject to noise. Unfortunately SUVpeak seems to be
appropriate for larger tumour volumes only, because a 1 cm3 volume would correspond to a sphere of at least 12 mm
diameter. Most of the lymph node and bone metastases in our study had dimensions smaller than that. Thus SUVpeak
was not used in our study. In addition, SUVmax is the SUV measurement that is widely used in the clinic.

When confronted with the relatively small tumour lesions in patients with (early) relapsing prostate cancer, partial volume
effects have to be anticipated. This will be particularly the case when quantifying tracer expression in small lesions using
tracers with high tumour-to-background ratios like 68Ga-PSMA, but is not always appreciated (26,27). For example, in a
report on the effects of androgen deprivation therapy on 68Ga-PSMA SUVmax in primary prostate cancer, lymph node and
bone metastases as recent as April 2020, possible impact of partial volume effects was not discussed at all (28).

The possible importance of partial volume effects can be illustrated by the BPL versus standard reconstructions, as
applied in our study. Two factors that contribute to the partial volume effect (spill-in and spill-out) are the �nite spatial
resolution of the imaging system and image sampling on a voxel grid not exactly matching the actual contours of tracer
distribution (17). Impact of partial volume effects is strongly dependent on lesion size and is coming into play when
lesion size falls below 2 to 3 times the resolution of the system, i.e. below 10 to 15 mm for an average PET/CT scanner
system (16). With respect to tracer SUVmax measurements, partial volume effect will generally result in lower SUVmax
values. Correcting for the aforementioned factors (i.e. partial volume correction) is complex and not all factors can be
controlled for from one imaging session to another, introducing possible biases. In addition, partial volume correction can
be applied after image reconstruction but also during image reconstruction (18). The Bayesian penalized likelihood (BPL)
reconstruction algorithm called Q.Clear can be regarded as an algorithm correcting for partial volume, because it has a
component that is correcting at the voxel level during image reconstruction (16). The resulting higher uptake/expression
values in small lesions (compared to standard reconstruction) have been reported for several radiotracers, including 18F-
PSMA-1007 in prostate cancer patients (29). In the latter study SUVmax with BPL reconstruction has been compared to
standard (OSEM+TOF+PSF) reconstruction, strati�ed for lesion size. A signi�cant reported increase in SUVmax with BPL
reconstruction for lesions smaller than 10 mm diameter only was reported. In our study we con�rm these �ndings for the
68Ga-PSMA tracer, including the relationship with lesion size (table 1), thus highlighting the importance of partial volume
effects and its correction.

We hypothesized that the BPL reconstruction algorithm Q.Clear has the ability to lower signal variability in the small
lesions typically encountered in early relapse or early metastatic disease of prostate cancer. Our study did not con�rm our
hypothesis. In contrary, signal variability tended to be higher with BPL reconstruction compared to standard
reconstruction. We speculate that the partial volume correction component of BPL reconstruction might be responsible for
the higher signal variability. A possible explanation for this could be the ‘overshoot’ reported with BPL reconstruction for
small spheres at high sphere-to-background ratios in a phantom study using 18F-FDG (30). The high sphere-to-
background ratios in this study may correspond to the high tumour-to-background ratios typically encountered in 68Ga-
PSMA avid prostate cancer lesions. 

Limitations. This single site study has several limitations. The assignment of tumour lesions was only done by two
experienced image readers, and inter-observer variability was not assessed. This was considered acceptable because the
exact nature of the lesions was less important in light of the general aim of the study, i.e. assessment of signal variability.
The same holds for the fact that for the majority of the lesions there has been no con�rmation by histopathology.

With respect to the comparison of the BPL and standard reconstructions, the image reading was not blinded. This was
deemed acceptable because the visual appearance of both reconstructions is different, precluding true blinded image
reading.
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No signi�cant difference was found between BPL and standard reconstruction signal variability, probably because the
study was underpowered. Being a pilot study, the results can be used for power calculations for a possible future study.

Conclusion
The main �nding of this study is the relatively high day-to-day variability of tumour SUVmax with repeatability levels of
agreement varying between +43% and -46% for all lesions taken together. Small lesions tend to have larger day-to-day
variability of tumour SUVmax when compared to larger lesions. With respect to response monitoring, minimum response
of 50% for 68Ga-PSMA PET might be more appropriate.

With respect to our second aim no signi�cant differences in repeatability between standard (OSEM+TOF+PSF)
reconstruction and (TOF+PSF)+BPL reconstruction could be shown in this pilot study. There was a small difference in
favour of the standard reconstruction, however.
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  Age PSA Gleason
score at
diagnosis

Total
number
of
lesions

Prostate
bed

Lymph
node
metastases

Bone
metastases

Initial therapy

 

Year of
therapy

Patient
no.

                 

1 83 2.4 7 3 - 3 - LND+EBRT 2009

2 71 4.1 8 1 - - 1 RALP+LND 2017

3 75 4.5 7 1 - - 1 RALP 2009

4 73 8.4 6 6 - 3 3 AS+BT+LND 2012-
2016

5 69 0.7 7 2 - 2 - RALP+ELND 2015

6 78 16.0 6 3 1 2 - BT 2011

7 84 9.0 6 4 1 3 - BT 2012

8 80 0.7 8 2 1 - 1 RALP+LND 2008

9 62 3.9 6 1 1 - - BT 2013

10 77 3.0 7 1 - 1 - RALP+ELND 2010

11 71 3.5 7 1 1 - - BT 2014

12 67 5.7 - 3 1 1 1 BT 2007

13 78 1.7 8 1 - 1 - BT 2016

14 75 2.8 6 3 - 3 - BT 2009

15 74 2.0 7 1 - 1 - RP+LND+EBRT 2009

16 77 1.2 7 3 - 3 - RALP 2009

17 72 2.5 7 12 - - 12 RALP+ELND 2018

18 73 2.8 7 1 - - 1 BT 2007

19 78 5.4 6 3 - 3 - RALP+LND 2008

20 77 3.7 8 4 2 2 - EBRT+HT 2009

21 69 5.2 6 1 1 - - EBRT 2012

22 68 0.6 7 3 - 3 - RALP+LND 2015

23 78 7.0 7 5 - 5 - EBRT 2017

AS = active surveillance, BT = brachytherapy, EBRT = external beam radiotherapy, ELND = extended lymph node
dissection, HT = hormonal therapy, LND = lymph node dissection, RP = radical prostatectomy (open procedure), RALP =
robot assisted radical prostatectomy

Table 2. BPL SUVmax increase (relative to standard reconstruction) for smaller and larger lesions 
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  Test

BPL relative

increase of SUVmax (%)

SEM   Retest

BPL

Relative

increase of SUVmax (%)

SEM

lesions < 200 mm2 44.3 4.6   43.5 3.9

lesions >= 200 mm2 25.5 4.2   18.6 3.1

2-sided t-test P = 0.004     P < 0.001  

Figures

Figure 1

Bland-Altman plots of all lesions (1A), local recurrences (1B), lymph node metastases (1C) and bone metastases (1D),
both for standard and BPL reconstructions.
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Figure 2

Correlation of repeatability and lesion size for standard reconstructions (2A) and BPL reconstructions (2B).


