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Abstract
Objectives  Increased detection of prostate cancer (PCa) recurrences using [68Ga]Ga-PSMA-11 PET/CT has been reported 
by adding forced diuresis or late-phase imaging to the standard protocol. However, the combination of these procedures in 
the clinical setting is still not standardized.
Methods  One hundred prospectively recruited biochemical recurrent PCa patients were restaged with dual-phase [68Ga]
Ga-PSMA-11 PET/CT from September 2020 to October 2021. All patients received a standard scan (60 min), followed by 
diuretics (140 min) and a late-phase abdominopelvic scan (180 min). PET readers with low (n = 2), intermediate (n = 2), or 
high (n = 2) experience rated (i) standard and (ii) standard + forced diuresis late-phase images in a stepwise fashion according 
to E-PSMA guidelines, scoring their level of confidence. Study endpoints were (i) accuracy against a composite reference 
standard, (ii) reader’s confidence level, and (iii) interobserver agreement.
Results  Forced diuresis late-phase imaging increased the reader’s confidence category for local and nodal restaging (both 
p < 0.0001), and the interobserver agreement in identifying nodal recurrences (from moderate to substantial, p < 0.01). 
However, it significantly increased diagnostic accuracy exclusively for local uptakes rated by low-experienced readers (from 
76.5 to 84%, p = 0.05) and for nodal uptakes rated as uncertain at standard imaging (from 68.1 to 78.5%, p < 0.05). In this 
framework, SUVmax kinetics resulted in an independent predictor of PCa recurrence compared to standard metrics, poten-
tially guiding the dual-phase PET/CT interpretation.
Conclusions  The present results do not support the systematic combination of forced diuresis and late-phase imaging in 
the clinical setting, but allow the identification of patients-, lesions-, and reader-based scenarios that might benefit from it.
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Key Points 
• Increased detection of prostate cancer recurrences has been reported by adding diuretics administration or an additional  
   late abdominopelvic scan to the standard [68Ga]Ga-PSMA-11 PET/CT procedure.
• We verified the added value of combined forced diuresis and delayed imaging, showing that this protocol only slightly  
   increases the diagnostic accuracy of [68Ga]Ga-PSMA-11 PET/CT, thus not justifying its systematic use in clinics.
• However, it can be helpful in specific clinical scenarios, e.g., when PET/CT is reported by low-experienced readers.  
   Moreover, it increased the reader's confidence and the agreement among observers.
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Abbreviations
95% CI	� 95% Confidence intervals
AUC​	� Area under the receiver-operating-charac-

teristic curve
GEE	� Generalized estimating equation
GS	� Gleason Score
ISUP	� International Society of Urological 

Pathology
OR	� Odds ratio
PET/CT	� Positron emission tomography/computed 

tomography
PSA	� Prostate-specific antigen
PSMA	� Prostate-specific membrane antigen
PSMA-RADS	�  PSMA reporting and data systems
SUVmax	� Maximum standardized uptake value

Introduction

In the last decade, prostate-specific membrane antigen 
(PSMA) positron emission tomography/computed tomography 
(PET/CT) became the first-choice imaging for the restaging of 
biochemical recurrence (BCR) of prostate cancer (PCa) [1]. 
Among the numerous ligands developed for PSMA-targeted 
imaging [2], [68Ga]Ga-PSMA-11 has shown great promise, 
having high diagnostic accuracy [3–5] and impact on clinical 
management [6], particularly in the presence of low prostate-
specific antigen (PSA) levels [7].

However, the identification of sites of recurrence with [68Ga]
Ga-PSMA-11 is partly limited by the tracer’s urinary excretion, 
which may reduce the accuracy when the residual disease is 
in the prostate bed or peri-ureteral nodes [8] thus resulting in 
inconsistent reporting, especially by lower expert readers [9].

In the latest version of the joint EANM/SNMMI [68 Ga]
Ga-PSMA-11 PET/CT procedural guidelines [10], the admin-
istration of furosemide (20 mg) or additional delayed abdomi-
nopelvic imaging is recommended as optional procedures able 
to improve the visualization of peri-ureteral and peri-bladder 
tissues [11]. However, protocols for forced diuresis, delayed 
imaging, and, more importantly, their combination are still 
not standardized in the clinical setting and their clinical added 
value still needs to be clarified. Given the practical implica-
tions of implementing these demanding procedures in clinical 

practice, it would be highly relevant to disclose specific clini-
cal scenarios that might benefit from it.

On these bases, we systematically added forced diuresis 
and late abdominopelvic acquisition to the standard [68Ga]
Ga-PSMA-11 PET/CT protocol, in order to verify its added 
value in terms of (i) diagnostic accuracy, (ii) readers’ con-
fidence, and (iii) interobserver agreement compared to the 
standard procedure among PET readers with various levels 
of expertise.

Patients and methods

Patients and imaging procedures

BCR patients were prospectively enrolled in the study 
between September 2020 and October 2021. Patients were 
enrolled according to the following inclusion criteria: (i) 
age ≥ 18 years old; (ii) histologically proven PCa previ-
ously treated with definitive therapy; (iii) BCR defined as a 
PSA increase ≥ 2.0 ng/mL above the nadir value after radio-
therapy or a PSA rise of ≥ 0.2 ng/mL after prostatectomy; 
(iv) referred to [68Ga]Ga-PSMA-11 PET/CT for restaging. 
The sole exclusion criterion was the clinical contraindica-
tion to furosemide administration. The local ethical com-
mittee approved the study (Regional Ethical Committee of 
Liguria-registration number 343/2019). Informed consent 
was obtained before the PET/CT scan from all individual 
participants included in the study. All patients received 
1.8–2.2  MBq/kg of [68Ga]Ga-PSMA-11 intravenously 
according to international guidelines [10]. Patients were 
orally hydrated and were asked to void before imaging 
acquisition. PET/CT scanners using either Hirez-Biograph 
16 (Siemens Medical Solutions) or Biograph mCT Flow 
(Siemens Medical Solutions) were used to perform a PET 
acquisition at 60 min p.i. from the skull vertex to the upper 
thighs (termed “standard scan”) in the three-dimensional 
mode. At 140 min p.i., all patients received furosemide 
20 mg intravenously followed by an abdominopelvic acqui-
sition (at 180 min p.i., termed “forced diuresis late-phase 
scan”). An illustrative summary of the study protocol is rep-
resented in Fig. 1. 
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Imaging interpretation

Six PET readers were classified as having low (< 30 prior 
studies, n = 2), intermediate (30–300 studies, n = 2), or 
high level of experience (> 300 studies, n = 2) for [68Ga]
Ga-PSMA-11 PET/CT reporting [9]. All readers, blinded to 
reference standard, rated (i) standard acquisitions alone and 
(ii) standard + forced diuresis late acquisitions in a stepwise 
fashion. A washout period of 3 months was given between 
the two rounds of reporting. Readers had full access to 
patient history, PSA levels, PSA kinetics, and the pre-test 
probability as assessed by a validated prediction nomogram 
[12, 13]. The following patient data were also disclosed 
to each observer before image interpretation: age, weight, 
injected dose, initial PSA level, type of radical treatment 
(surgery/radiotherapy), biopsy and histopathological fea-
tures including Gleason Score, International Society of Uro-
logical Pathology prostate grade group, eventual adjuvant 
therapy, PSA nadir.

Readers were asked to report [68Ga]Ga-PSMA-11 PET/
CT images according to EANM guidelines [14], consider-
ing the common pitfalls [15] and using the standardized 
nomenclature for lymph node regions [16]. For each round 
of reporting, readers were asked to visually review imag-
ing results to record the study’s general, local, and nodal 
impression (positive/negative/equivocal). The following 
data were asked to be recorded for each suspected local 
(T), nodal (N), or distant recurrence (M): (i) highest maxi-
mum standardized uptake value (SUVmax) for the most 
representative target region; (ii) PSMA uptake compared to 
the background in the blood, liver, and salivary glands rated 
on a visual scale of 0–3 (PSMA visual score [14]); (iii) per-
sonal confidence to quantify the likelihood of the presence 
of PCa (from 1 = certain benign to 5 = certain pathologi-
cal); (iv) PSMA reporting and data systems (PSMA-RADS) 
according to current guidelines [14] (see also the Supple-
mentary Materials).

Standard reference definition

When present, post-surgical histopathology was considered 
the reference standard. Clinical, biochemical, and radiologi-
cal follow-up served as the composite reference standard in 
the remaining cases as previously described [17]. Lesions 
were confirmed by the change in size, disappearance or 
appearance on follow-up imaging, or PSA drop of ≥ 50% 
after focal salvage therapy. The local investigators inter-
preted the composite reference standard after reviewing 
follow-up information. [68Ga]Ga-PSMA-11 PET/CT posi-
tive findings were validated as true- or false-positive on a 
regional basis.

Statistical analyses

Continuous data are expressed as mean ± standard deviation. 
For each PET reader general, local and nodal true positives 
(TPs), false positives (FPs), true negatives (TNs), false nega-
tives (FNs), sensitivity, and specificity were calculated using 
the above-described composite reference standard. Equivo-
cal findings were considered not consistent with the refer-
ence standard. Diagnostic accuracy was measured according 
to the formula (TP/FN)/(FP/TN). Agreements between read-
er’s reports and the reference standard were measured using 
Cohen’s kappa analyses, while differences in diagnostic 
accuracy were calculated using the chi-square test to com-
pare proportions. Differences between early and late reports 
were assessed by a generalized estimating equation (GEE) 
model to consider multiple observations for each patient. 
Semiquantitative imaging parameters were included in uni- 
and multivariable models using a GEE logistic regression 
model for clustered data, estimating odds ratios, and their 
95% confidence intervals (95% CI). Factors with a p < 0.10 
at the univariable analysis were included in the multivari-
able analyses. The area under the receiver-operating-char-
acteristic curve (AUC) and 95% CI were calculated using an 

Fig. 1   Illustrative representation 
of the imaging protocol of the 
study. Patients received 2 MBq/
kg of [68Ga]Ga-PSMA-11 
followed by standard 60 min 
p.i. imaging. At 140 min p.i., 
all patients received 20 mg of 
Furosemide intravenously, fol-
lowed by an acquisition of the 
pelvis and lower abdomen at 
180 min p.i
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approach for clustered data [18] and were used to evaluate 
the ability of key parameters to determine diagnoses. Cutoffs 
for key parameters were inferred based on the Youden index 
[19]. Reader’s levels of confidence for PCa recurrence were 
grouped as follows: certain (level of confidence = 1 or 5), 
intermediate (level of confidence = 2 or 4), and unknown 
(level of confidence = 3). Confidence classes were reported 
as the median and interquartile range according to the degree 
of the reader’s experience. Differences between standard 
acquisition and standard + forced diuresis late acquisition 
were assessed by using a Wilcoxon signed-rank test. The 
same analysis was performed considering PSMA-RADS 
classes, grouped as follows: certain (PSMA-RADS = 1 or 
5), intermediate (PSMA-RADS = 2 or 4), and unknown 
(PSMA-RADS = 3). Agreement between observers was 
measured as the proportion of consistent reader impressions. 
Cohen’s kappa (2 raters) and Fleiss kappa (> 2 raters) were 
calculated to assess the interobserver agreement [20]. Inter-
pretation of kappa was performed as previously described 
[21]: 0.0, poor; 0.0–0.20, slight; 0.21–0.40, fair; 0.41–0.60, 
moderate; 0.61–0.80, substantial; 0.81–1.00, almost-perfect 
reproducibility. Statistical analyses were performed using 
MedCalc v19.4 (MedCalc Software).

Results

Patients’ characteristics and reference standard

From 112 initially selected patients, 12 were excluded for a 
contraindication to furosemide administration (1/12 allergy 
to sulfonamides; 11/12 hypotension). The clinical charac-
teristics of included patients are summarized in Table 1. 
The mean PSA at the time of imaging was 1.6 ± 3.2 ng/ml 
(range 0.18–27.2 ng/ml). Histologic verification (n = 3), PSA 
response after external-beam radiation (n = 44), and imaging 
follow-up (n = 26) served as the reference standard in most 
cases. In the remaining patients (n = 27), PET/CT images were 
analyzed in a joint reading session by consensus of 2 expert 
readers [9], aware of all clinical data and validated through a 
multidisciplinary discussion. According to the standard of ref-
erence, [68Ga]Ga-PSMA-11 PET/CT scans were negative in 
38/100 patients (38%). Local, nodal, and distant recurrences 
were present in 27, 36, and 14 patients, respectively.

Impact of forced diuresis late‑phase imaging 
on diagnostic accuracy

At the per-patient analysis, adding the forced diuresis late-
phase imaging, the overall diagnostic accuracy slightly (though 
not significantly) increased from 75.6% (95% CI: 0.48–0.60, 
kappa = 0.54) to 79.3% (95% CI: 0.52–0.64, kappa = 0.58) 
(p = 0.12). Further details about diagnostic accuracy, including 

M-status, are reported in the Supplementary Materials. At 
the per-lesion analysis, forced diuresis late-phase imaging 
significantly increased nodal accuracy from 78.3% (95% 
CI: 0.45–0.58, kappa = 0.51) to 84.7% (95% CI: 0.58–0.70, 
kappa = 0.64) (p < 0.01), while its effect did not reach signif-
icance for local accuracy, which increased from 78% (95% 
CI: 0.36–0.50, kappa = 0.43) to 81.3% (95% CI: 0.41–0.55, 
kappa = 0.48) (p = 0.15). However, grouping readers according 
to their previous experience, it significantly improved the local 
diagnostic accuracy of low-experienced readers (Table 2).

Impact of forced diuresis late‑phase imaging 
on the reader's confidence level

The mean overall confidence category increased after 
reading standard + forced diuresis late-phase scans 

Table 1   Patients’ characteristics

PSA prostate-specific antigen, ISUP International Society of Uro-
logical Pathology, ADT androgen deprivation therapy, PET/CT posi-
tron emission tomography/computed tomography, BCR biochemical 
recurrence, PSAdt prostate-specific antigen doubling time, PSAvel 
prostate-specific antigen velocity; * defined according to [12, 13]

Age (years) 65.9 (50–85)

initial PSA (ng/ml) 15.6 (2.6–173)
Primary diagnosis validated by histopathology 100/100 (100%)
ISUP grade at diagnosis
ISUP grade 1 15 (15%)
ISUP grade 2 25 (25%)
ISUP grade 3 27 (27%)
ISUP grade 4 16 (16%)
ISUP grade 5 17 (17%)
Initial treatment
Surgery 82 (77)
Radiotherapy ± ADT 17 (17%)
Adiuvant radiotherapy 16 (16%)
Adiuvant ADT 30 (30%)
PSA nadir (ng/ml) 0.16 (0.00–4.15)
Salvage radiotherapy 23/82 (28%)
Setting of PET/CT restaging
First time BCR 42 (42%)
BCR after salvage radiotherapy 35 (35%)
Biochemical persistence after surgery 9 (9%)
Biochemical progression during ADT 14 (14%)
PSA and PSA kinetics at BCR
PSA (ng/ml) 1.6 (0.18–27.2)
PSAdt (months) 9.7 (0.2–53)
PSAvel (ng/ml/year) 1.9 (0.1–53.1)
ADT at PET/CT 18 (18%)
Interval between initial treatment and BCR 

(months)
45.2 (1–190)

PET/CT pretest probability* 48.8% (4–96%)
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compared to standard acquisition regarding both the local 
and nodal status (both p < 0.0001, Table 3). The increase 
in reader’s confidence level was confirmed for both local 
and nodal lesions when readers were grouped accord-
ing to their previous experience (Table 3). In both cases, 
readers with lower levels of expertise took the higher 
advantage of forced diuresis late-phase imaging, show-
ing higher numbers of positive differences compared to 
the standard scan.

The analysis of PSMA-RADS changes did not reproduce 
the same findings. Regarding the local status, the mean 
PSMA-RADS category slightly (though not significantly) 
increased after reading standard + forced diuresis late scans 
compared to standard acquisition. Only low-experienced 
readers significantly increased the PSMA-RADS scores 
between the two reporting rounds (Table 3). By contrast, 
nodal PSMA-RADS scores significantly increased after 
reading standard + forced diuresis late scans (p < 0.0001), 
regardless previous experience (Table 3).

PSMA-RADS system showed less sensitivity in tracking 
the increase in reader’s confidence compared to confidence 
categories, as PSMA-RADS classes increased from standard 
to standard + forced diuresis late-phase images in 34 and 
40 cases while confidence classes increased in 140 and 123 
cases for local and nodal status, respectively.

Impact of forced diuresis late‑phase imaging 
on diagnostic accuracy according to the reader's 
confidence level

Forced diuresis late-phase imaging significantly improved 
the diagnostic accuracy exclusively in the case of nodal 
uptakes rated with low-to-intermediate confidence at stand-
ard imaging (Table 4). By contrast, no advantages in diag-
nostic accuracy were observed for nodal uptakes rated with 

high confidence at standard imaging and for local uptakes, 
regardless of the confidence level (Table 4).

Standard and forced diuresis late‑phase imaging 
semiquantitative parameters in the prediction 
of true positive T and N lesions

Increased [68Ga]Ga-PSMA-11 uptake at late imaging charac-
terized local and nodal PCa recurrences. Indeed, SUVmax sig-
nificantly increased from standard to forced diuresis late-phase 
images in local (from 3.76 ± 8.7 to 4.24 ± 10.9, p = 0.011 [GEE 
model], Fig. 2(A)) and nodal recurrences (from 3.98 ± 8.7 to 
4.82 ± 10.8 p = 0.019 [GEE model], Fig. 2(B)). By contrast, 
SUVmax slightly decreased without reaching the significance 
in local benign lesions (from 6.12 ± 3.8 to 4.85 ± 6.2, p = 0.18 
[GEE model], Fig. 2(C)) and significantly decreased in nodal 
benign lesions (from 3.82 ± 3.1 to 2.61 ± 4.1 p = 0.019 [GEE 
model], Fig. 2(D)).

SUVmax variation from standard to late forced acquisition 
imaging (ΔSUVmax) was included in uni- and multivariable 
logistic regression model containing standard imaging semi-
quantitative parameters indicated by the E-PSMA reporting 
guidelines (SUVmax, PSMA score, PSMA-RADS) [14] in the 
prediction of PCa recurrences. Table 5 shows that ΔSUVmax 
significantly and independently predicted the presence of local 
and nodal PCa recurrences in addition to the remaining semi-
quantitative imaging parameters.

Optimal ΔSUVmax cutoffs determined by receiver-oper-
ating-characteristic AUC analyses to identify local and nodal 
PCa recurrences were 0 (AUC for cluster data: 0.694; 95% 
CI: 0.57–0.81) and 0.1 (AUC for cluster data: 0.951; 95% 
CI: 0.92–0.97), respectively. In other words, even a slight 
increase or persistence in tracer accumulation at late-phase 
imaging should be considered suspect for local or nodal PCa 
recurrences (Fig. 3).

Table 2   Changes in diagnostic accuracy according to the reader’s previous experience

Standard Standard + forced diuretic late-phase p

Accuracy (%) Kappa 95% CI Accuracy (%) Kappa 95% CI

General accuracy
Low experience 74.5% 0.52 0.42–0.62 80% 0.61 0.51–0.71 0.19
Intermediate experience 71.5% 0.48 0.39–0.58 74% 0.48 0.37–0.59 0.57
High experience 81% 0.62 0.52–0.72 84% 0.65 0.55–0.75 0.43
Local accuracy
Low experience 76.5% 0.40 0.29–0.52 84% 0.56 0.44–0.69 0.05
Intermediate experience 77.5% 0.41 0.29–0.53 76.5% 0.37 0.25–0.50 0.81
High experience 80% 0.46 0.35–0.58 83% 0.51 0.39–0.63 0.44
Nodal accuracy
Low experience 78% 0.52 0.42–0.63 83.5% 0.63 0.52–0.73 0.16
Intermediate experience 77.5% 0.50 0.38–0.61 84% 0.63 0.52–0.74 0.09
High experience 79.5% 0.52 0.42–0.63 86.5% 0.66 0.56–0.77 0.06

3347European Radiology (2023) 33:3343–3353



1 3

Table 4   Changes in diagnostic accuracy according to the reader’s level of confidence

Standard Standard + forced diuretic late-phase p

Accuracy (%) Kappa 95% CI Accuracy (%) Kappa 95% CI

Local accuracy
Low/intermediate confidence 70.4% 0.43 0.32–0.53 73.4% 0.46 0.35–0.57 0.47
High confidence 87.9% 0.62 0.52–0.72 88.2% 0.64 0.54–0.74 0.89
Nodal accuracy
Low/intermediate confidence 68.1% 0.38 0.26–0.49 78.5% 0.57 0.45–0.68  < 0.05
High confidence 90.2% 0.75 0.69–0.82 91.4% 0.79 0.72–0.85 0.55

Table 3   Changes in confidence levels according to the reader’s previous experience

Overall Low experience Intermediate experi-
ence

High experience

Local status Confidence level Mean confidence at 
standard imaging

2.48 [IQR. 2.0–3.0] 2.47 [IQR. 2.0–3.0] 2.47 [IQR. 2.0–3.0] 2.51 [IQR. 2.0–3.0]

Mean confidence at 
standard + forced 
diuresis

2.72 [IQR. 3.0–3.0] 2.82 [IQR. 3.0–3.0] 2.68 [IQR. 3.0–3.0] 2.66 [IQR. 3.0–3.0]

Number of positive 
differences

140 59 42 39

Number of negative 
differences

25 6 11 8

p value  < 0.0001  < 0.0001  < 0.0001 0.0006
PSMA RADS Mean confidence at 

standard imaging
2.23 [IQR. 2.0–3.0] 2.08 [IQR. 2.0–3.0] 2.32 [IQR. 2.0–3.0] 2.28 [IQR. 2.0–3.0]

Mean confidence at 
standard + forced 
diuresis

2.32 [IQR. 2.0–3.0] 2.55 [IQR. 2.0–3.0] 2.25 [IQR. 2.0–3.0] 2.23 [IQR. 2.0–3.0]

Number of positive 
differences

34 17 8 9

Number of negative 
differences

15 1 8 6

p value 0.0561 0.0002 0.8603 0.8904
Nodal 

status
Confidence level Mean confidence at 

standard imaging
2.56 [IQR. 2.0–3.0] 2.58 [IQR. 2.0–3.0] 2.52 [IQR. 2.0–3.0] 2.58 [IQR. 2.0–3.0]

Mean confidence at 
standard + forced 
diuresis

2.78 [IQR. 3.0–3.0] 2.83 [IQR. 3.0–3.0] 2.75 [IQR. 3.0–3.0] 2.77 [IQR. 3.0–3.0]

Number of positive 
differences

123 43 44 36

Number of negative 
differences

18 6 7 5

p value  < 0.0001  < 0.0001  < 0.0001  < 0.0001
PSMA RADS Mean confidence at 

standard imaging
2.11 [IQR. 1.0–3.0] 2.04 [IQR. 1.0–3.0] 2.22 [IQR. 1.0–3.0] 2.11 [IQR. 1.0–3.0]

Mean confidence at 
standard + forced 
diuresis

2.52 [IQR. 2.0–3.0] 2.57 [IQR. 2.5–3.0] 2.61 [IQR. 3.0–3.0] 2.42 [IQR. 1.0–3.0]

Number of positive 
differences

40 16 12 12

Number of negative 
differences

6 2 3 1

p value  < 0.0001 0.0019 0.0103 0.0081
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Impact of forced diuresis late‑phase imaging 
on the interobserver agreement

Adding the forced diuresis late-phase imaging did not 
improve the interobserver agreement for local recurrences, 
as it remained moderate at both timepoints (from 80%, 
kappa = 0.535, 95% CI: 0.42–0.64 to 80%, kappa = 0.524, 
95% CI: 0.41–0.63, p = ns). By contrast, it increased the 

agreement from moderate to substantial regarding the nodal 
assessment (from 80.3%, kappa = 0.585, 95% CI: 0.48–0.68 
to 85.9%, kappa = 0.687, 95% CI: 0.59–0.78, p < 0.01). 
Interobserver agreement was not significantly different from 
standard to standard + forced diuresis late-phase imaging 
nor for local nor for nodal recurrences once readers were 
grouped according to the level of expertise (Supplementary 
Table 2).

Fig. 2    Divergent kinetics of SUVmax in local and nodal metastases vs. benign lesions. (A, B) The increase in SUVmax local and nodal metasta-
ses, (C, D) the opposite kinetics by local and nodal uptakes resulting in benign according to the reference standard

Table 5   Uni- and multivariable 
logistic regression model for 
the prediction of T- and N-true 
positive lesions

Univariable Multivariable

OR 95% CI p OR 95% CI p

T-lesions semiquantitative parameters
SUVmax at standard imaging 1.20 1.14–1.26  < 0.001 1.27 1.13–1.43  < 0.001
PSMA score at standard imaging 3.36 2.53–4.47  < 0.001 1.56 0.81–3.01 0.19
PSMA RADS at standard imaging 1.61 1.43–1.82  < 0.001 1.01 0.81–1.24 0.95
deltaSUVmax 1.04 1.01–1.06 0.025 1.16 1.10–1.22  < 0.001
N-lesions semiquantitative parameters
SUVmax at standard imaging 1.33 1.23–1.44  < 0.001 1.30 1.12–1.51  < 0.001
PSMA score at standard imaging 3.23 2.50–4.18  < 0.001 0.55 0.24–1.27 0.16
PSMA RADS at standard imaging 1.93 1.70–2.19  < 0.001 1.96 1.51–2.57  < 0.001
deltaSUVmax 1.07 1.03–1.11 0.001 1.37 1.24–1.53  < 0.001
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Discussion

Previous studies already showed that adding forced diure-
sis to the standard [68Ga]Ga-PSMA-11 PET/CT protocol 
improves the visualization of peri-ureteral and peri-blad-
der tissues by increasing the tracer’s urinary excretion and 
reducing the so-called halo artifact [8, 10, 11, 22–24]. Late-
phase abdominopelvic imaging may further improve the 
image quality, by prolonging the tracer excretion interval 
and increasing the signal-to-noise ratio in the prostatic fossa 
[25–30]. However, it has been shown that delayed imaging 
can also improve the detection of PCa recurrent sites far 
from the ureters and bladder [10, 25, 26]. This finding is 
independent of tracer excretion and might be related to the 
slower tracer accumulation by low-PSMA-expressing cells, 
whose visualization might be increased later than 60 min p.i. 
[10]. Forced diuresis and delayed imaging can thus poten-
tially complement each other rather than being alternative 
approaches. However, given that furosemide’s half-life is 
less than 2 h [31], its residual effect may be insufficient to 
allow for additional late imaging when administered together 
with or soon after the radiotracer, as currently recommended 
[10]. Additionally, early furosemide administration may sup-
posedly reduce the tracer’s availability during the uptake 
phase, resulting in reduced lesion uptake [24, 32]. On these 
bases, we postponed furosemide administration at 140 p.i. 
to maximize its pharmacological effect before the late-phase 
scan [31].

While previous studies tested the added value of modi-
fied imaging protocols in terms of detection rate and lesion 
visibility [27, 29, 32–35], we focused on its impact on diag-
nostic accuracy by enrolling PET readers with heterogene-
ous levels of expertise who were asked to follow a standard-
ized PET reporting system [14]. The present results do not 
support the systematic use of combined forced diuresis late-
phase abdominopelvic imaging in addition to the standard 

scan in the clinical setting, as this protocol slightly (though 
not significantly) increased diagnostic accuracy. However, 
this advantage became significant for local uptakes rated 
by low-experienced readers and for nodal uptakes rated 
as uncertainly pathological at standard imaging. Low-
experienced readers might benefit from the higher visuali-
zation of peri-urethral and peri-bladder tissues promoted 
by the increased tracer excretion. On the other hand, late-
phase imaging may better fit the slower tracer kinetics of 
low-PSMA-expressing cancer cells, thus improving diag-
nostic accuracy in uncertain nodal uptakes at the standard 
scan, regardless of the reader’s experience.

This protocol increased PET readers’ confidence, par-
ticularly in lower experienced ones. Notably, confidence 
improvement was more efficiently tracked using an unstruc-
tured five-point scale than PSMA-RADS for both local and 
nodal lesions. According to the EANM standardized report-
ing guidelines v1.0, PSMA-RADS frameworks are scored 
depending on the site and intensity of radiotracer uptake, 
ranging from very low to very high probability of malig-
nancy [14]. The unstructured confidence assessment had 
the advantage of greater flexibility allowing PET readers 
to consider uptake kinetics from early to late-phase imag-
ing, which is not included in PSMA RADS classes. Indeed, 
only a slight, but not significant, increase in the late-phase 
PSMA-RADS scores was observed. An emblematic example 
of inconsistent PSMA-RADS and unstructured confidence 
reporting is represented in Fig. 4. Notably, dual-phase [68Ga]
Ga-PSMA-11 PET/CT imaging has been endorsed in the 
joint EANM/SNMMI guidelines [10] and the inclusion of 
specific criteria for the interpretation of PSMA uptake kinet-
ics in future updates of PSMA-RADS v1.0 might overcome 
this limitation.

Interobserver agreement for local restaging was in keep-
ing with previous literature [9, 36] and was not improved 
by the addition of forced diuresis late-phase to standard 

Fig. 3   ROC curves of 
ΔSUVmax in the predic-
tion of local and nodal PCa 
recurrences. A, B ROC curves 
and optimal cutoff values for 
ΔSUVmax in predicting local 
and nodal recurrences. The 
sensitivity and specificity of 
obtained ΔSUVmax cutoff 
values are also reported
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imaging. By contrast, the addition of forced diuresis late-
phase imaging increased the agreement among readers for 
the identification of nodal recurrences. In a recent systematic 
review and meta-analysis, furosemide administration did not 
favorably impact the interobserver variability for the nodal 
assessment [36]. However, none of the included studies 
tested a combination of diuretics and dual-phase imaging.

Coherently with previous data [25, 28, 29, 34, 37, 38], 
an increase in SUVmax of recurrent PCa lesions was docu-
mented on delayed images, suggesting that SUVmax kinetics 
can distinguish between malignant and benign lesions, as its 
increase over time is more pronounced in PCa metastases, 
while its reduction decreases the likelihood of a PCa lesion. 
In an exploratory analysis, the stability of tracer kinetics 
identified the optimal cutoff for the presence of local and 
nodal recurrences (ΔSUVmax = 0, and 0.1, respectively). 
These cutoffs were not externally validated, and it is gen-
erally challenging to translate SUV-derived cutoffs in the 
clinical setting [39]. Nevertheless, former studies tentatively 
explored the discriminative potential of SUV-derived cut-
offs in [68Ga]Ga-PSMA-11 PET/CT, even in multicentric 
settings [40]. Moreover, ΔSUVmax minimizes the effects 
of many confounding factors representing the difference 
between late- and early-phase imaging in the same patient.

The present study has some limitations. First, exclud-
ing most healthy organs from the late-phase field of view, 
we could not directly verify the [68Ga]Ga-PSMA-11 
in vivo stability. However, this radiopharmaceutical has 
formerly exhibited excellent stability in several in vitro 
and in vivo experimental studies [25, 41–43]. Moreover, 
histopathology was unavailable in most cases. However, 
a composite reference standard consisting of adequate 
follow-up imaging and clinical parameters was available 
for all lesions. Finally, the present results can be applied 
exclusively for the modified protocol combining forced 
diuresis and late-phase acquisition in addition to the stand-
ard [68Ga]Ga-PSMA-11 PET/CT scan. No conclusions can 
be made regarding the sole forced diuresis addition to the 
standard scan or delayed imaging without forced diuresis. 
Similarly, further studies are needed to verify the poten-
tial added value of our imaging protocol to other PSMA-
targeted radiopharmaceuticals, including urinary excreted 
18F-fluorinated PSMA (i.e., [18F]F-DCFPyL).

In conclusion, a protocol based on standard acquisition 
followed by combined forced diuresis late-phase imaging is 
demanding for a nuclear medicine department. The present 
results do not support its systematic use in the clinical set-
ting but allow the identification of clinical scenarios that 

Fig. 4   Emblematic example of inconsistent PSMA-RADS and 
unstructured confidence reporting. The figure displays the case 
of a 72-year-old patient with a 95% pre-test probability for posi-
tive [68Ga]Ga-PSMA-11 PET/CT according to [12, 13], showing 
two equivocal tracer uptakes in soft tissues. (A–C) Axial low-dose 
CT, fused PET/CT, and whole-body maximum intensity projection 
images at the standard acquisition. Two areas of equivocal tracer 
uptake in soft tissues close to the left ureter were present, with 
upstream dilatated ureter and hydronephrosis in the CT images, 
consistent with the suspicion of ureteral obstruction. These tracer 
uptakes were considered equivocal with an unstructured confidence 

score = 3 and PSMA-RADS 3 by 4/6 PET readers. The same sec-
tions represented in panels D–F show that the two areas slightly 
increased in uptake intensity at the forced diuresis late-phase 
abdominopelvic scan. After reviewing late-phase images, most 
PET readers (4/6) judged these two areas suspicious for PCa recur-
rence, increasing the unstructured confidence score from 3 to 4. By 
contrast, according to the PSMA-RADS 5-point scale [14], these 
lesions remained classified as PSMA-RADS 3 in all cases. Given 
the proximity to the left ureter and the consequent risk of compres-
sion, the patient underwent salvage surgery. Post-surgical histopa-
thology confirmed the presence of nodal PCa recurrence
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might benefit from this protocol. Specifically, it should be 
considered by low-experienced readers, and when uncer-
tain nodal uptakes are observed at the standard scan.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00330-​023-​09516-0.

Funding  Open access funding provided by Università degli Studi di 
Genova within the CRUI-CARE Agreement. The authors state that this 
work has not received any funding.

Declarations 

Guarantor  The scientific guarantor of this publication is Matteo 
Bauckneht, MD, PhD.

Conflict of interest  The authors of this manuscript declare no relation-
ships with any companies, whose products or services may be related 
to the subject matter of the article.

Statistics and biometry  Alessio Signori has significant statistical 
expertise.

Informed consent  Written informed consent was obtained from all 
patients in this study.

Ethical approval  The study was approved by the Ethical Committee of 
Regione Liguria, Italy (registration number 343/2019).

Methodology   
• prospective
• diagnostic or prognostic study
• performed at one institution

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Trabulsi EJ, Rumble RB, Jadvar H et al (2020) Optimum imaging 
strategies for advanced prostate cancer: ASCO Guideline. J Clin 
Oncol 38:1963–1996

	 2.	 Schwarzenboeck SM, Rauscher I, Bluemel C et  al (2017) 
PSMA ligands for PET imaging of prostate cancer. J Nucl Med 
58:1545–1552

	 3.	 Keegan NM, Bodei L, Morris MJ (2021) Seek and find: cur-
rent prospective evidence for prostate-specific membrane anti-
gen imaging to detect recurrent prostate cancer. Eur Urol Focus 
7:267–278

	 4.	 von Eyben FE, Picchio M, von Eyben R, Rhee H, Bauman G 
(2018) 68Ga-labeled prostate-specific membrane antigen ligand 
positron emission tomography/computed tomography for prostate 

cancer: a systematic review and meta-analysis. Eur Urol Focus 
4:686–693

	 5.	 Perera M, Papa N, Roberts M et al (2020) Gallium-68 prostate-
specific membrane antigen positron emission tomography in 
advanced prostate cancer-updated diagnostic utility, sensitivity, 
specificity, and distribution of prostate-specific membrane anti-
gen-avid lesions: a systematic review and meta-analysis. Eur Urol 
77:403–417

	 6.	 Calais J, Fendler WP, Eiber M et al (2018) Impact of 68Ga-
PSMA-11 PET/CT on the management of prostate cancer patients 
with biochemical recurrence. J Nucl Med 59:434–441

	 7.	 Freedland SJ, Humphreys EB, Mangold LA et al (2005) Risk of 
prostate cancer-specific mortality following biochemical recur-
rence after radical prostatectomy. JAMA 294:433–439

	 8.	 Freitag MT, Radtke JP, Afshar-Oromieh A et al (2017) Local 
recurrence of prostate cancer after radical prostatectomy is at risk 
to be missed in 68Ga-PSMA-11-PET of PET/CT and PET/MRI: 
comparison with mpMRI integrated in simultaneous PET/MRI. 
Eur J Nucl Med Mol Imaging 44:776–787

	 9.	 Fendler WP, Calais J, Allen-Auerbach M et al (2017) 68Ga-
PSMA-11 PET/CT interobserver agreement for prostate cancer 
assessments: an international multicenter prospective study. J 
Nucl Med 58:1617–1623

	10.	 Fendler WP, Eiber M, Beheshti M et al (2017) 68Ga-PSMA PET/
CT: Joint EANM and SNMMI procedure guideline for pros-
tate cancer imaging: version 1.0. Eur J Nucl Med Mol Imaging 
44:1014–1024

	11.	 Uprimny C, Bayerschmidt S, Kroiss AS et al (2021) Early injec-
tion of furosemide increases detection rate of local recurrence in 
prostate cancer patients with biochemical recurrence referred for 
68Ga-PSMA-11 PET/CT. J Nucl Med 62:1550–1557

	12.	 Bianchi L, Borghesi M, Schiavina R et  al (2020) Predictive 
accuracy and clinical benefit of a nomogram aimed to predict 
68Ga-PSMA PET/CT positivity in patients with prostate cancer 
recurrence and PSA < 1 ng/ml external validation on a single 
institution database. Eur J Nucl Med Mol Imaging 47:2100–2105

	13.	 Bianchi L, Castellucci P, Farolfi A et al (2021) Multicenter exter-
nal validation of a nomogram for predicting positive prostate-
specific membrane antigen/positron emission tomography scan 
in patients with prostate cancer recurrence. Eur Urol Oncol 
18:S2588–9311(21)00217–0.

	14.	 Ceci F, Oprea-Lager DE, Emmett L et al (2021) E-PSMA: the 
EANM standardized reporting guidelines v1.0 for PSMA-PET. 
Eur J Nucl Med Mol Imaging 48:1626–1638

	15.	 Rauscher I, Maurer T, Fendler WP, Sommer WH, Schwaiger 
M, Eiber M (2016) (68)Ga-PSMA ligand PET/CT in patients 
with prostate cancer: how we review and report. Cancer Imaging 
16:14

	16.	 Taylor A, Rockall AG, Powell ME (2007) An atlas of the pelvic 
lymph node regions to aid radiotherapy target volume definition. 
Clin Oncol (R Coll Radiol) 19:542–550

	17.	 Fendler WP, Weber M, Iravani A et al (2019) Prostate-specific 
membrane antigen ligand positron emission tomography in men 
with nonmetastatic castration-resistant prostate cancer. Clin Can-
cer Res 25:7448–7454

	18.	 Obuchowski NA (1997) Nonparametric analysis of clustered ROC 
curve data. Biometrics 53:567–578

	19.	 Habibzadeh F, Habibzadeh P, Yadollahie M (2016) On determin-
ing the most appropriate test cutoff value: the case of tests with 
continuous results. Biochem Med (Zagreb) 26:297–307

	20.	 Viera AJ, Garrett JM (2005) Understanding interobserver agree-
ment: the kappa statistic. Fam Med 37:360–363

	21.	 Landis JR, Koch GG (1977) The measurement of observer agree-
ment for categorical data. Biometrics 33:159–174

	22.	 Fennessy N, Lee J, Shin J et al (2017) Frusemide aids diagnostic 
interpretation of 68Ga-PSMA positron emission tomography/

3352 European Radiology (2023) 33:3343–3353

https://doi.org/10.1007/s00330-023-09516-0
http://creativecommons.org/licenses/by/4.0/


1 3

CT in men with prostate cancer. J Med Imaging Radiat Oncol 
61:739–744

	23.	 Uprimny C, Bayerschmidt S, Kroiss AS et al (2021) Impact of 
forced diuresis with Furosemide and hydration on the halo artefact 
and intensity of tracer accumulation in the urinary bladder and 
kidneys on [68Ga]Ga-PSMA-11-PET/CT in the evaluation of pros-
tate cancer patients. Eur J Nucl Med Mol Imaging 48:123–133

	24.	 Alberts I, Niklas-Hünermund J, Sachpekidis C et al (2021) Com-
bination of forced diuresis with additional late imaging in 68Ga-
PSMA-11 PET/CT: effects on lesion visibility and radiotracer 
uptake. J Nucl Med 62:1252–1257

	25.	 Afshar-Oromieh A, Malcher A, Eder M et al (2013) PET imaging 
with a [68Ga]gallium-labelled PSMA ligand for the diagnosis of 
prostate cancer: biodistribution in humans and first evaluation of 
tumour lesions. Eur J Nucl Med Mol Imaging 40:486–495

	26.	 Afshar-Oromieh A, Sattler LP, Steiger K et al (2018) Tracer 
uptake in mediastinal and paraaortal thoracic lymph nodes as a 
potential pitfall in image interpretation of PSMA ligand PET/CT. 
Eur J Nucl Med Mol Imaging 45:1179–1187

	27.	 Afshar-Oromieh A, Sattler LP, Mier W et al (2017) The clinical 
impact of additional late PET/CT imaging with 68Ga-PSMA-11 
(HBED-CC) in the diagnosis of prostate cancer. J Nucl Med 
58:750–755

	28.	 Sahlmann CO, Meller B, Bouter C et  al (2016) Biphasic 
68Ga-PSMA-HBED-CC-PET/CT in patients with recurrent and 
high-risk prostate carcinoma. Eur J Nucl Med Mol Imaging 
43:898–905

	29.	 Alberts I, Sachpekidis C, Gourni E et al (2020) Dynamic patterns of 
[68Ga]Ga-PSMA-11 uptake in recurrent prostate cancer lesions. Eur 
J Nucl Med Mol Imaging 47:160–167

	30.	 Kunikowska J, Pełka K, Tayara O, Królicki L (2022) Ga-
68-PSMA-11 PET/CT in patients with biochemical recurrence 
of prostate cancer after primary treatment with curative intent-
impact of delayed imaging. J Clin Med 11:3311

	31.	 Ponto LL, Schoenwald RD (1990) Furosemide (frusemide). A 
pharmacokinetic/pharmacodynamic review (Part I). Clin Phar-
macokinet 18:381–408

	32.	 Afshar-Oromieh A, Hetzheim H, Kübler W et al (2016) Radia-
tion dosimetry of (68)Ga-PSMA-11 (HBED-CC) and preliminary 
evaluation of optimal imaging timing. Eur J Nucl Med Mol Imag-
ing 43:1611–1620

	33.	 Hohberg M, Kobe C, Täger P et al (2019) Combined early and late 
[68Ga]PSMA-HBED-CC PET scans improve lesion detectability 
in biochemical recurrence of prostate cancer with low psa levels. 
Mol Imaging Biol 21:558–566

	34.	 Hoffmann MA, Buchholz HG, Wieler HJ et al (2020) Dual-time 
point [68Ga]Ga-PSMA-11 PET/CT hybrid imaging for staging and 
restaging of prostate cancer. Cancers (Basel) 12:2788

	35.	 Derlin T, Weiberg D, von Klot C et al (2016) 68Ga-PSMA I&T 
PET/CT for assessment of prostate cancer: evaluation of image 
quality after forced diuresis and delayed imaging. Eur Radiol 
26:4345–4353

	36.	 Chavoshi M, Mirshahvalad SA, Metser U, Veit-Haibach P (2022) 
68Ga-PSMA PET in prostate cancer: a systematic review and 
meta-analysis of the observer agreement. Eur J Nucl Med Mol 
Imaging 49:1021–1029

	37.	 Beheshti M, Paymani Z, Brilhante J et al (2018) Optimal time-
point for 68Ga-PSMA-11 PET/CT imaging in assessment of pros-
tate cancer: feasibility of sterile cold-kit tracer preparation? Eur J 
Nucl Med Mol Imaging 45:1188–1196

	38.	 Morawitz J, Kirchner J, Hertelendy J et al (2022) Is there a diag-
nostic benefit of late-phase abdomino-pelvic PET/CT after urina-
tion as part of whole-body 68 Ga-PSMA-11 PET/CT for restaging 
patients with biochemical recurrence of prostate cancer after radi-
cal prostatectomy? EJNMMI Res 12:12

	39.	 Keyes JW Jr (1995) SUV: standard uptake or silly useless value? 
J Nucl Med 36:1836–1839

	40.	 Spohn SKB, Farolfi A, Schandeler S et al (2022) The maximum 
standardized uptake value in patients with recurrent or persis-
tent prostate cancer after radical prostatectomy and PSMA-
PET-guided salvage radiotherapy-a multicenter retrospective 
analysis. Eur J Nucl Med Mol Imaging. https://​doi.​org/​10.​1007/​
s00259-​022-​05931-5

	41.	 Pippin A, Woolum K, Kumar K (2020) Comparison of in vitro 
mouse serum stability of 68Ga-labeled PSMA targeting conju-
gates of acyclic and macrocyclic chelators. J Nucl Med 61(sup-
plement 1):1097

	42.	 Eder M, Schäfer M, Bauder-Wüst U et al (2012) 68Ga-complex 
lipophilicity and the targeting property of a urea-based PSMA 
inhibitor for PET imaging. Bioconjug Chem 23:688–697

	43.	 Eder M, Neels O, Müller M et al (2014) Novel preclinical and 
radiopharmaceutical aspects of [68Ga]Ga-PSMA-HBED-CC: a 
new PET tracer for imaging of prostate cancer. Pharmaceuticals 
(Basel) 7:779–796

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

3353European Radiology (2023) 33:3343–3353

https://doi.org/10.1007/s00259-022-05931-5
https://doi.org/10.1007/s00259-022-05931-5

	Combined forced diuresis and late acquisition on [68Ga]Ga-PSMA-11 PETCT for biochemical recurrent prostate cancer: a clinical practice-oriented study
	Abstract
	Objectives 
	Methods 
	Results 
	Conclusions 
	Key Points 

	Introduction
	Patients and methods
	Patients and imaging procedures
	Imaging interpretation
	Standard reference definition
	Statistical analyses

	Results
	Patients’ characteristics and reference standard
	Impact of forced diuresis late-phase imaging on diagnostic accuracy
	Impact of forced diuresis late-phase imaging on the reader's confidence level
	Impact of forced diuresis late-phase imaging on diagnostic accuracy according to the reader's confidence level
	Standard and forced diuresis late-phase imaging semiquantitative parameters in the prediction of true positive T and N lesions
	Impact of forced diuresis late-phase imaging on the interobserver agreement

	Discussion
	Anchor 22
	References


