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Objectives
To evaluate whether nodal maximum standardised uptake value (SUVmax) improves the positive predictive value (PPV) of
prostate-specific membrane antigen (PSMA) positron emission tomography (PET)/computerised tomography (CT) for
detecting lymph node invasion (LNI) in prostate cancer (PCa), and to develop clinical decision tools to guide
decision-making for patients with low- and high-volume nodal disease.

Patients and Methods
This international multicentre study included patients with histopathologically confirmed PCa who underwent preoperative
PSMA-PET and robot-assisted radical prostatectomy with extended pelvic lymph node dissection (2016–2023). Sensitivity,
specificity, PPV, and negative predictive value (NPV) for LNI detection were calculated, defining a positive test as
non-physiological PSMA uptake classified according to the Prostate Cancer Molecular Imaging Standardised Evaluation
(PROMISE) molecular imaging Tumour-Node-Metastasis (miTNM) system. Receiver operating curves analysis identified
optimal nodal SUVmax cut-offs for pelvic LNI. Logistic regression assessed predictors for pathological N1 stage (pN1) and
high-volume nodal disease (four or more positive nodes). Clinical decision tools were developed to stratify patients into
three risk groups for pN1 and high-volume nodal disease.
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Results
A total of 521 patients were included, with a median (interquartile range) age of 66 (61–71) years and prostate-specific
antigen (PSA) level of 9.9 (6.6–17.0) ng/mL. The PSMA-PET showed 45.0% sensitivity, 94.3% specificity, 64.7% PPV, and
88.3% NPV for LNI detection. Adding nodal SUVmax ≥4.9 improved the PPV to 81.1% and sensitivity to 71.4% and,
combined with a PSA level ≥10 ng/mL, magnetic resonance imaging (MRI) T-stage ≥T3a, and miT-stage ≥T3a, identified
95% of pN1 cases in the high-risk group. High-volume nodal disease was found in 3.8%, including 1.1% in miN0 patients.
Nodal SUVmax ≥7.2, MRI T-stage ≥T3a, and miN2 (multiple suspicious LNs) were predictors for high-volume nodal disease
and, combined in a clinical decision tool, excluded all low-risk patients for high-volume nodal disease.

Conclusion
Nodal SUVmax improves PPV of PSMA-PET for nodal staging and aids in excluding high-volume nodal disease. Clinical
decision tools integrating nodal SUVmax with relevant clinical parameters demonstrate potential to guide individualised
nodal management. These findings warrant external validation in larger cohorts.

Keywords
Prostate-specific membrane antigen-positron emission tomography/computerised tomography, maximum standardised
uptake value, prostatectomy, staging, lymph node invasion, high-volume nodal disease

Introduction
The presence of lymph node (LN) invasion (LNI) is an
important prognostic factor in prostate cancer (PCa), as it is
associated with higher risk of disease progression and
mortality [1]. Prostate-specific membrane antigen (PSMA)
positron emission tomography (PET)/CT has demonstrated
superior diagnostic accuracy for nodal staging compared to
conventional imaging (i.e., MRI and CT) [2]. However,
PSMA-PET is still hampered by its suboptimal sensitivity (up
to 57%) [3–5], likely due by its limited spatial resolution,
which restricts the detection of micrometastatic disease [6].
Therefore, PSMA-PET may not fully replace extended pelvic
LN dissection (ePLND) to assist pelvic nodal staging [4].

Despite its superior diagnostic performance, the specificity of
PSMA-PET remains suboptimal, as not all patients with
PSMA-avid LNs harbour histopathological positive LNs
(pathological N stage [pN]1), supported by the positive
predictive value (PPV) rates, varying from 54% to 77% in
previous studies [4,5]. This implies that even in patients with
node-positive PSMA-PET, risk stratification remains
important. Therefore, it is crucial to determine whether
additional PSMA-PET parameters could improve the PPV of
molecular imaging (mi), ensuring that only those most likely
to benefit from intensified treatment regiments are selected
based on imaging results. Prior studies demonstrated strong
association between intraprostatic maximum standardised
uptake value (SUVmax) and histopathologically confirmed LNI
[7,8]. Therefore, in line with previous data, we hypothesised
that the absolute intranodal SUVmax values may also aid in
LNI risk prediction [9,10].

This study aimed to evaluate whether nodal SUVmax is able
to identify pN1 disease as well as high-volume nodal disease
and therefore can enhance the PPV of preoperative
PSMA-PET for nodal staging. In addition, we assessed the
prevalence of high-volume nodal metastases in node-negative
(miN0) and node-positive (miN+) disease to aid the
development of two clinical decision tools for predicting pN1
and high-volume nodal disease, with the goal of providing a
simple and practical tool for clinicians to support therapeutic
decision-making in daily clinical practice.

Patients and Methods
Patient Selection

Men with histologically confirmed PCa, who underwent
preoperative PSMA-PET and robot-assisted radical
prostatectomy (RARP) with ePLND as treatment between
2016 and 2023 in seven tertiary referral centres were included
in this retrospective observational study. Patients were
excluded if they had received prior treatment for PCa or
lacked complete PSMA-PET nodal staging data. This study
represents a secondary analysis of the previously published
observational study of Soeterik et al. [11]. Institutional Review
Board approval was obtained before data collection
(AW24.048/W18.055).

Data Collection

Clinical, imaging and pathological data were retrospectively
collected. Preoperative variables included age, initial PSA,
clinical tumour stage, D’Amico classification, MRI-derived
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PSA density (PSAd), MRI tumour (MRI T)-stage, biopsy
International Society of Urological Pathologists (ISUP) Grade
Group (GG), molecular imaging tumour (miT)-stage, prostate
SUVmax, nodal SUVmax, and molecular imaging nodal (miN)-
stage. Postoperative parameters included pathological tumour
stage (pT), RARP ISUP GG, pathological nodal stage (pN)
with the total number of LNs resected and positive LNs,
positive surgical margins, extracapsular extension and seminal
vesical invasion.

Extended PLND Protocol

All ePLNDs were carried out by experienced urological
surgeons. All centres utilised a standardised template
including excision of lymphatic tissue along the internal iliac,
external iliac and the obturator fossa. The lateral border was
defined by the genitofemoralis nerve, the medial border by
the bladder, the ureteric crossing as cranial border and the
distal border by the obturator nerve [12].

Modifications to this dissection template, such as extension to
a super-ePLND, were permitted based on the clinical
judgement of the operating surgical team [13]. In all
participating centres, histopathological evaluation was
performed and reported by experienced uropathologists using
the ISUP guidelines [14]. LNs were processed individually,
and depending on local protocol, either one or multiple slides
per LN were prepared.

Outcomes

The primary endpoints of this study were the sensitivity,
specificity, PPV, and negative predictive value (NPV) of
PSMA-PET for the detection of LNI on a per-patient basis
and using histopathology as reference. Additionally,
diagnostic accuracy of PSMA-PET in predicting pN1 as well
as high-volume nodal disease was assessed using nodal
SUVmax. The presence of high-volume nodal disease was
analysed, with high-volume nodal disease defined as four or
more histologically confirmed malignant loco-regional LNs.
This definition has been applied in previous studies as a
prognostic discriminator for nodal disease burden in relation
to oncological outcomes and response to adjuvant therapy
[15,16]. Finally, potential independent predictors associated
with pN1 and high-volume nodal disease were examined and
incorporated in clinical decision tools.

The PSMA-PET/CT

All PSMA-PET scans were conducted at tertiary centres
following standardised local protocols. A detailed overview of
these protocols has been described previously [11].
Additionally, PET scans performed externally for referred
patients were included, provided they were re-evaluated by
the local team. Molecular imaging was conducted from

mid-thigh to skull base and combined with either a low-dose
or a diagnostic CT scan for anatomical correlation.
Experienced nuclear medicine physicians, defined as having
>5 years of experience and/or having evaluated >500 scans,
analysed all PSMA-PET scans. Radioligands use was based on
specific centre preference, and included 18F-PSMA-1007, 18F-
DCF-PyL, 18F-JK-PSMA-7, and 68Ga-PSMA-11. Image
acquisition followed the guidelines established by the
European Association of Nuclear Medicine (EANM) and the
Society of Nuclear Medicine and Molecular Imaging
(SNMMI) [17]. PSMA parameters were assessed as previously
described [11]. LN metastases were defined as increased
PSMA uptake, higher than the background, incompatible with
physiological uptake, and in a typical site of PCa. In case of
PSMA-PET suspicious LNs, nodal SUVmax was measured by
the nuclear physician (i.e., the highest uptake value within a
single voxel of the region of interest). Other PSMA
parameters evaluated were intraprostatic SUVmax. Patients
were categorised according to the nodal staging system of the
Prostate Cancer Molecular Imaging Standardised Evaluation
(PROMISE) criteria [18]: miN0 if no suspicious regional LNs
were identified; miN1 if a single suspicious regional LN was
detected; and miN2 if multiple suspicious regional LNs were
present. For the purposes of this analysis, patients with miN1
or miN2 status were collectively classified as miN+.

Statistical Analysis

Differences between miN0 and miN+ patients were
summarised using median values and interquartile ranges
(IQRs) and compared using the Mann–Whitney U test for
continuous variables and chi-square or Fisher’s exact test for
categorical variables. Patient-based sensitivity, specificity, PPV
and NPV of PSMA-PET for LNI were calculated using a
2 9 2 contingency tables with histopathology as reference.
Risk of nodal disease was estimated using either the
Amsterdam-Brisbane-Sydney [19] or Briganti 2012 [20]
nomograms, depending on data availability. In miN+ patients,
associations between nodal SUVmax and pN1 disease were
evaluated using univariate logistic regression, visual inspection
of predicted probabilities (for all tracers and tracer-specific),
and proportions of pN1 disease across nodal SUVmax cut-offs.
Differences in proportions of pN1 disease across nodal
SUVmax cut-offs were assessed using chi-square or Fisher’s
exact test. PSA and prostate SUVmax were also analysed using
univariate logistic regression analyses. For continuous
variables, area under the receiver operating characteristic
curve analyses with Youden Index were applied to derive
clinically applicable cut-offs for predicting pN1 disease.
Multivariate models including PSA, prostate SUVmax, MRI
T-stage ≥T3a, miT-stage ≥T3a, and biopsy GG ≥4 were
constructed, both with and without nodal SUVmax, using
backward elimination based on Akaike information criterion
(AIC). Pearson’s correlation coefficient analysis of variables
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included in the final model was performed. In addition,
multicollinearity was assessed by calculating variance inflation
factors (VIFs), with a VIF >5 considered indicative of
potential collinearity. A clinical decision tool was developed
stratifying patients into low (no or one positive criterion),
intermediate (two criteria), and high-risk (three or more
criteria) for pN1 disease. Additionally, prevalence of
high-volume nodal disease was analysed. High-volume nodal
disease was defined as four or more histologically confirmed
malignant loco-regional LNs, as the involvement of nodal
burden may impact adjuvant treatment selection [15,16].
Statistical analyses described for pN1 as outcome were
repeated for the outcome of high-volume nodal disease. All
analyses were performed using two-sided tests, with a
P < 0.05 considered statistically significant. Statistical analysis
was performed using the IBM Statistical Package for the
Social Sciences (SPSS�; IBM Corp. Version 29.0. Armonk,
NY) and R version 4.4.0.

Results
Baseline Characteristics

This study included 521 patients who underwent RARP and
ePLND. Table 1 highlights the significant differences between
miN0 and miN+ patients. Of all patients, 86.9% were
identified as miN0 and 13.1% as miN+. Within miN+
patients, 38 (55.9%) harboured one suspicious LN on
PSMA-PET whereas 30 (44.1%) patients harboured multiple
suspicious LNs. The median (IQR) risk of nodal disease was
14.0% (7.4–27.9%). The median (IQR) number of dissected
LNs per patient was 16 (11–22). In all, 18.6% had
histologically confirmed nodal disease. The median (IQR) age
was 66 (61–71) years. The median (IQR) PSA level was 9.9
(6.6–17.0) ng/mL. The most common biopsy GG was 4
(28.4%). In 58.3% of patients, pT-stage was ≥T3a. The
median prostate SUVmax was comparable between miN1 and
miN2 disease (median [IQR] 11.3 [6.5–29.8] vs 16.5
[9.1–29.0]; P = 0.239). Similarly, the median nodal SUVmax

did not differ between miN1 and miN2 patients (median
[IQR] 5.1 [2.6–8.4] vs 5.6 [ 2.9–18.0]; P = 0.430). Sensitivity,
specificity, PPV and NPV of PSMA-PET in detection of LNI
were 45.0%, 94.3%, 64.7%, and 88.3%, respectively.

Differentiating Between pN0 and pN1 Disease in
miN+

Uni- and Multivariate Association with Continuous
Nodal SUVmax, PSA and Prostate SUVmax

In univariate analyses, higher nodal SUVmax (odds ratio [OR]
1.16, 95% CI 1.02–1.31; P = 0.020) and PSA (OR 1.11, 95%
CI 1.04–1.23; P = 0.016) were significantly associated with
LNI, whereas prostate SUVmax was not (Table S1). Fig. 1 and

Tables S2 and S3 demonstrate a gradual increase in risk of
pN1 disease with higher nodal SUVmax. This pattern is
consistent across all tracers combined and within the 68Ga-
PSMA-11 and 18F-PSMA-1007 subgroups. Table S1 showed
multivariate logistic regression models with and without
nodal SUVmax; inclusion of nodal SUVmax improved model
performance (AIC decreased from 67.08 to 64.32), which was
confirmed by likelihood ratio testing (chi-square = 4.85,
P = 0.028).

Cut-offs and Dichotomised Univariate Association

Optimal cut-offs for predicting pN1 for PSA, prostate and
nodal SUVmax were ≥10 ng/mL, ≥15 and ≥4.9, respectively
(Table S4). In patients who are judged to have miN+ disease
by the readers, nodal SUVmax ≥4.9 resulted in sensitivity,
specificity, PPV and NPV for LN detection of 71.4%, 68.2%,
81.1%, and 55.6%, respectively. Additionally, a significantly
higher proportion of patients with nodal SUVmax ≥4.9
(81.1%) harboured pN1 compared to those <4.9 (44.4%)
(P = 0.003). Tables S2 and S3 present results of additional
cut-offs. A PSA level ≥10 ng/mL, nodal SUVmax ≥4.9, MRI
T-stage ≥T3a and miT-stage ≥T3a were significantly
associated with nodal disease in univariate analyses (Table 2).

Dichotomised Multivariate Logistic Regression and
Clinical Decision Tool

The final multivariate model incorporated PSA level ≥10 ng/
mL, nodal SUVmax ≥4.9, MRI T-stage ≥T3a and miT-stage
≥T3a (Table 2). This final model demonstrated a lower AIC
compared to the first model, which incorporated all variables
included in univariate analysis (64.6 vs 69.2). Correlation
analysis showed a weak correlation between MRI T-stage and
miT-stage (r = 0.129), and corresponding VIF (1.017)
confirmed the absence of multicollinearity.

A clinical decision tool was conducted incorporating PSA
level ≥10 ng/mL, MRI T-stage ≥T3a, miT-stage ≥T3a and
nodal SUVmax ≥4.9. In this study, 36.8%, 26.3% and 36.8% of
patients were classified as low-, intermediate- and high-risk of
pN1. In patients classified as high-risk, 95% (20 of 21
patients) harboured pN1 disease, compared to 29% (six of 21)
if classified as low-risk (P < 0.001), as presented in
Table S5A.

High-Volume Nodal Disease

Characteristics for High-Volume Nodal Disease for
miN0 and miN+ Patients

High-volume nodal disease was present in 3.8% of patients.
Among miN0, high-volume nodal disease was histologically
confirmed in 1.1% (five of 453 patients), while this was 22.1%

136 � 2026 The Author(s). BJU International published by John Wiley & Sons Ltd on behalf of BJU International.
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Table 1 Patients’ characteristics for all patients, and miN0 compared with miN+.

Characteristic All patients (n = 521) miN0 (n = 453) miN+ (n = 68) P

Age, years, median (IQR) 66.0 (61.0–71.0) 66.0 (61.0–71.0) 66.5 (60.5–72.0) 0.826
PSA level, ng/mL, median (IQR) 9.9 (6.6–17.0) 9.7 (6.4–16.5) 12.1 (8.0–21.2) 0.006
Clinical T-stage, n (%)
≤T2a 401 (77.0) 349 (77.0) 52 (76.5) 0.367
T2b 33 (6.3) 30 (6.6) 3 (4.4)
T2c 12 (2.3) 12 (2.6) 0 (0.0)
≥T3 67 (12.9) 55 (12.1) 12 (17.6)
Missing 8 (1.5) 7 (1.5) 0 (0.0)

D’Amico classification, n (%)
Low risk 4 (0.8) 4 (0.9) 0 (0.0) 0.028
Intermediate risk 202 (38.8) 185 (40.8) 17 (25.0)
High risk 315 (60.5) 264 (58.3) 51 (75.0)

MRI-derived PSAd, ng/mL/mL, median (IQR) 0.215 (0.131–0.371) 0.212 (0.126–0.364) 0.236 (0.157–0.406) 0.248
MRI T-stage, n (%)
≤T2c 259 (49.7) 231 (51.0) 28 (41.1) 0.078
T3a 165 (31.7) 146 (32.2) 19 (27.9)
T3b 57 (10.9) 43 (9.5) 14 (20.6)
T4 2 (0.4) 2 (0.5) 0 (0.0)
No MRI 38 (7.3) 31 (6.8) 7 (10.3)

Biopsy GG, n (%)
≤1 18 (3.5) 17 (3.8) 1 (1.5) 0.003
2 118 (22.6) 108 (23.8) 10 (14.7)
3 143 (27.4) 130 (28.7) 13 (19.1)
4 148 (28.4) 128 (28.3) 20 (29.4)
5 93 (17.9) 69 (15.2) 24 (35.3)
Missing 1 (0.2) 1 (0.2) 0 (0.0)

miT-stage, n (%)
miT0 28 (5.4) 25 (5.5) 3 (4.4) 0.003
miT2 304 (58.3) 272 (60.0) 32 (47.1)
miT3a 138 (26.5) 120 (26.5) 18 (26.5)
miT3b 29 (5.6) 21 (4.6) 8 (11.8)
miT4 10 (1.9) 5 (1.1) 5 (7.4)
Missing 12 (2.3) 10 (2.2) 2 (0.0)

Highest prostate SUVmax, median (IQR) 10.2 (6.3–17.6) 9.9 (6.2–16.2) 13.6 (7.0–29.6) 0.002
Highest nodal SUVmax, median (IQR) 0 (0–2.6) NA 5.2 (2.8–9.6) NA
pT-stage, n (%)
pT2 216 (41.7) 207 (45.7) 9 (13.2) <0.001
pT3a 180 (34.5) 153 (33.8) 27 (39.7)
pT3b 122 (23.4) 90 (19.9) 32 (47.1)
pT4 2 (0.4) 2 (0.4) 0 (0.0)
Missing 1 (0.2) 1 (0.2) 0 (0.0)

RARP GG, n (%)
1 8 (1.5) 6 (1.3) 2 (2.9) <0.001
2 187 (35.9) 176 (38.9) 11 (16.2)
3 194 (37.2) 171 (37.7) 23 (33.8)
4 54 (10.4) 48 (10.6) 6 (8.8)
5 74 (14.2) 48 (10.6) 26 (38.2)
Missing 4 (0.8) 4 (0.9) 0 (0.0)

pN-stage, n (%)
pN0 424 (81.4) 400 (88.3) 24 (35.3) <0.001
pN1 97 (18.6) 53 (11.7) 44 (64.7)

LNs resected, n, median (IQR) 16.0 (11.0–22.0) 16.0 (10.0–22.0) 22.0 (14.5–26.8) <0.001
Positive LNs, median (IQR) 0.0 (0.0–0.0) 0.0 (0.0–0.0) 1.5 (0.0–2.8) <0.001
0, n (%) 424 (81.4) 400 (88.3) 24 (35.3) <0.001
1, n (%) 46 (8.8) 36 (7.9) 10 (14.7)
2, n (%) 26 (5.0) 9 (2.0) 17 (25.0)
3, n (%) 5 (1.0) 3 (0.7) 2 (2.9)
≥4, n (%) 20 (3.8) 5 (1.1) 15 (22.1)

Positive surgical margin, n (%)
No 351 (67.4) 310 (68.4) 41 (60.3) 0.078
Yes 168 (32.2) 141 (31.2) 27 (39.7)
Missing 2 (0.4) 2 (0.4) 0 (0.0)

Extracapsular extension, n (%)
No 238 (45.7) 224 (49.4) 14 (20.6) <0.001
Yes 276 (53.0) 223 (49.2) 53 (78.0)
Missing 7 (1.4) 6 (1.3) 1 (1.5)
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(15 of 68) in miN+ patients. In miN1 disease, this was 7.9%
(three of 38 patients) and in miN2 patients 40.0% (12 of 30).
Patient characteristics are shown in Table S6.

Continuous Univariate Logistic Regression Analyses

In univariate logistic regression analyses, there was no
significant association with high-volume nodal disease for
nodal SUVmax (OR 1.057, 95% CI 0.996–1.121; P = 0.069),
prostate SUVmax (OR 0.996, 95% CI 0.965–1.028;
P = 0.799) and PSA level (OR 1.019, 95% CI 0.995–1.043;
P = 0.120).

Cut-offs and Dichotomised Univariate Association

Optimal cut-offs for predicting high-volume nodal disease for
PSA level, prostate and nodal SUVmax were ≥16.4 ng/mL,
≥16.2 and ≥7.2, respectively (Table S7). Nodal SUVmax of
≥7.2 resulted in a 60.0% sensitivity, 71.4% specificity, 39.1%
PPV and 85.4% NPV. Furthermore, high-volume nodal
disease was associated with a significantly higher proportion
of patients with nodal SUVmax ≥7.2 (39.1%) compared to
those with nodal SUVmax <7.2 (14.6%) (P = 0.035). In
Tables S8 and S9, additional cut-offs and corresponding
diagnostic accuracies are reported. A PSA level ≥16.4 ng/mL,

Table 1 (continued)

Characteristic All patients (n = 521) miN0 (n = 453) miN+ (n = 68) P

Seminal vesical invasion, n (%)
No 385 (73.9) 352 (77.7) 33 (48.5) <0.001
Yes 109 (21.0) 79 (17.5) 30 (44.1)
Missing 27 (5.2) 22 (4.8) 5 (7.4)

Bold values statistically significant at P < 0.05.

Fig. 1 Relationship between nodal SUVmax and pN1 disease. (A) All tracers included. (B) 68Ga-PSMA-11. (C) 18F-PSMA-1007. (D) 18F-DCF-PyL.
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nodal SUVmax ≥7.2, and miN2 were significantly associated
with high-volume nodal disease in univariate analyses
(Table 3).

Multivariate Logistic Regression and Clinical
Decision Tool

The final multivariate model, that included nodal SUVmax

≥7.2, MRI T-stage ≥T3a and miN2, demonstrated a lower
AIC compared to the first model (52.7 vs 48.2), which
incorporated all variables included in univariate analysis. All
uni- and multivariate logistic regression results are
summarised in Table 3.

The clinical decision tool for high-volume nodal disease
prediction incorporated nodal SUVmax ≥7.2, MRI T-stage
≥T3a and miN2-stage. Low-, intermediate-, and high-risk
groups comprised 22.8%, 63.2% and 14.0% of patients,
respectively. In the low-risk group, no high-volume nodal

disease (none of the 11 patients) was observed, compared to
five of eight patients (63%) in the high-risk group
(P = 0.003), as presented in Table S5B.

Discussion
This multicentre study is the first to evaluate predictors that
can improve the accuracy of PSMA-PET to detect both pN1
and high-volume nodal disease. Additionally, we report on
histopathological prevalence of high-volume nodal disease, in
both miN0 and miN+ disease. Two clinical decision tools
were generated to support clinicians in identifying patients at
risk of pN1 or high-volume nodal disease, aiming to guide
treatment decisions in routine practice.

Preoperative PSMA-PET showed high specificity (94.3%) and
NPV (88.3%), but moderate sensitivity (45.0%) and PPV
(64.7%) for detecting LNI in patients with intermediate- and
high-risk PCa. These results are consistent with existing
literature [3–5] and highlight the need for accurate
preoperative nodal staging. What our study adds, is that we
demonstrated a direct proportional association between nodal
SUVmax and pN1 disease, both in the tracer-combined cohort
and consistently across tracer-specific analyses. In addition,
we presented the association between sensitivity and
specificity for the detection of pN1, per SUVmax cut-off.
While these cut-offs may improve clinical decision-making,
they should be interpreted depending on patient
characteristics and preferences, when determining the
indication for PLND. Although no universally accepted
SUVmax threshold exists, a nodal SUVmax of ≥4.9 emerged as
a pragmatic cut-off when combined with clinical and imaging
parameters, enabling effective risk stratification and
identifying a subgroup with a very high likelihood of pelvic
LN metastases. Applying this cut-off increased sensitivity to
71.4% and PPV to 81.1%, and patients with ≥4.9 were
significantly more likely to harbour pN1 disease compared to
those below this threshold (81.1% vs 44.4%, P = 0.003).
While previous studies reported lower SUVmax cut-offs (>0.85
and >2), methodological differences and smaller sample sizes
may explain discrepancies [21,22]. Arc�ay €Ozt€urk et al. [23]
found a similar cut-off of 4.72, although their analysis
included primary, re-staging and response-monitoring
PSMA-PET scans, limiting direct comparison with our
cohort. Finally, Uprimny et al. [24] reported a median nodal
SUVmax of 10.6 (range 3.1–90.6) among patients with pN1
but did not report a cut-off.

The clinical decision tool for predicting pN1 disease stratified
patients into three risk groups. In all, 95% of the high-risk
group harboured pN1 disease compared to only 29% in the
low-risk group (P < 0.001). This suggest that the proposed
tool may improve prediction of pN1 disease in patients with
suspicious LNs on PSMA-PET and may therefore aid
clinicians in refining treatment decision-making. For example,

Table 2 Dichotomised uni- and multivariate logistic regression analyses to
assess predictors for pN1 disease.

Variables OR (95% CI) P AIC

Univariate logistic regression analyses
PSA level ≥10 ng/mL 6.476 (2.234–20.631) 0.001 80.04
Prostate SUVmax ≥15 2.400 (0.870–7.022) 0.098 89.45
Nodal SUVmax ≥4.9 5.357 (1.809–17.305) 0.003 76.99
MRI T-stage ≥T3a 3.606 (1.244–11.159) 0.021 79.23
miT-stage ≥T3a 4.333 (1.501–13.960) 0.009 84.79
Biopsy GG ≥4 0.875 (0.298–2.466) 0.803 92.24

Multivariate logistic regression analysis
PSA level ≥10 ng/mL 4.093 (1.135–16.579) 0.037 64.61
Nodal SUVmax ≥4.9 4.152 (1.134–17.159) 0.037 64.61
MRI T-stage ≥T3a 3.132 (0.853–12.803) 0.093 64.61
miT-stage ≥T3a 3.869 (1.014–17.044) 0.056 64.61

Bold values statistically significant at P < 0.05.

Table 3 Uni- and multivariate logistic regression analyses to assess
predictors for high-volume LNM disease.

Variables OR (95% CI) P AIC

Univariate logistic regression analyses
PSA level ≥16.4 ng/mL 4.179 (1.259–13.873) 0.020 70.13
Prostate SUVmax ≥16.2 1.741 (0.549–5.523) 0.346 74.87
Nodal SUVmax ≥7.2 3.750 (1.124–12.509) 0.032 68.93
MRI T-stage ≥T3a 4.875 (0.956–24.870) 0.057 57.08
miT-stage ≥T3a 2.818 (0.845–9.399) 0.092 72.76
miN2 7.778 (2.152–37.444) 0.004 65.37
ISUP GG biopsies GG
≥4

1.118 (0.333–3.753) 0.857 75.73

Multivariate logistic regression analysis
Nodal SUVmax ≥7.2 4.544 (0.874–29.334) 0.083 48.18
MRI T-stage ≥T3a 6.140 (0.940–68.096) 0.084 48.18
miN2 14.903 (2.418–173.617) 0.010 48.18
ISUP GG biopsies GG
≥4

0.187 (0.020–1.139) 0.091 48.18

Bold values statistically significant at P < 0.05.
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patients in the high-risk group may be considered suitable
candidates for whole pelvis radiotherapy (WPRT), given the
high likelihood of nodal involvement and subsequent need of
multimodality treatment. In contrast, those classified as low-
or intermediate-risk, where the prevalence of pN1 disease was
29% and 67%, respectively, may benefit from additional
surgical nodal staging via ePLND or sentinel node dissection
(SND) [25], as nodal involvement in these groups remain
uncertain. Although promising results, these findings warrant
prospective validation.

Furthermore, our study offers novel insights into the
prediction of high-volume nodal disease, as studies reporting
the total nodal burden in miN+ patients selected for ePLND
are scarce. This is clinically relevant, as high-volume nodal
disease carries therapeutic implications: patients with four or
more positive LNs may derive limited survival benefit from
adjuvant RT [15,16]. However, due to the inclusion period of
these studies, only a minority underwent PSMA-PET. This
may impact RT results, as PSMA is superior compared to
conventional imaging in finding positive LNs [2]. Moreover,
PSMA-PET has been shown to change salvage RT (SRT)
planning in 56.4% (pooled analysis) and has been associated
with PSA or imaging response rates varying from 60% to
83%, which is higher when using conventional imaging
[26,27]. In the ongoing PSMA-SRT randomised controlled
trial, PSMA-PET led to change in SRT planning in 33% of
patients. However, the trial’s primary endpoint, whether
PSMA-guided planning improves 5-year biochemical
recurrence-free survival, has yet to be reported [28].

We observed a 3.8% prevalence of high-volume nodal disease,
including 22.1% in miN+ patients and only 1.1% in miN0
patients, suggesting excellent performance of PSMA-PET in
ruling out extensive nodal disease in miN0 disease. Van
Leeuwen et al. [21] reported that, among 11 patients with
LNI, only one miN+ patient had high-volume nodal disease,
while all miN0 cases harboured a single positive LN. Erdem
et al. [29] found high-volume nodal disease in one of five
miN+ cases, while all miN0 cases had low-volume disease.
However, these studies included small sample sizes and were
not designed to assess the extent of nodal burden specifically.
As this study proved that PSMA-PET is excellent in ruling
out high-volume nodal disease in miN0 patients, low-volume
LNI cannot be ruled out as previously described [4] and
therefore surgical staging before applying (adjuvant) RT may
be still necessary [16]. These patients could therefore opt for
limited surgical nodal staging such as SND instead of ePLND
treatment. SND is based on primary tumour lymphatic
drainage and has demonstrated a 95.2% pooled sensitivity
[25] and lower complication rates compared to ePLND [30].

Nodal SUVmax ≥7.2 was identified as optimal cut-off for
predicting high-volume nodal disease in miN+ patients,
achieving a sensitivity of 60% and NPV of 85.4%. Despite a

modest PPV (39.1%), the absence of high-volume nodal
disease in the low-risk group (0%) compared to 63% in the
high-risk group underlines the potential value of this clinical
decision tool in ruling out extensive nodal disease
(P = 0.035). These findings suggest that the decision tool
could support clinical decisions in preventing adjuvant
therapy in the low-risk group.

To our knowledge, this is the first large multicentre study
evaluating nodal SUVmax performance in identifying pN1
disease as well as high-volume nodal disease in patients with
suspicious LNs on PSMA-PET. Two clinically applicable and
easily interpretable decision tools were developed aiming to
help in guiding treatment decisions. SUVmax has
demonstrated low interobserver variability in a multicentre
setting, establishing it as a robust and reproducible
quantitative parameter for clinical decision-making [31].

This study has several limitations. First, selection bias may be
present, as only patients undergoing both PSMA-PET and
RARP with ePLND were included, excluding those with
extensive nodal or distant disease. This limits generalisability
and may overestimate specificity while underestimating
sensitivity, particularly for LNs outside the surgical
template [12]. Second, PSAd was not included in our analysis;
although prognostically relevant, it was not significantly
associated with pN1 or high-volume nodal disease in
additional analyses (Table S10), and MRI-derived prostate
volume was unavailable in ~20% of patients. Third, analysis
was conducted on a per-patient rather than per-LN level,
capturing only the highest nodal SUVmax per patient and
potentially overlooking uptake heterogeneity. Fourth,
physiological uptake was not reported, precluding direct
comparison with background activity. Fifth, absence of
centralised review for imaging and histopathology, may have
introduced interobserver variability, although this makes the
model more robust. Additionally, while all PSMA-PET
adhered to EANM/SNMMI guidelines [17], variability in
radioligands, imaging protocols and reconstructions across
centres may still affect generalisability. Therefore, we
performed an additional tracer-specific analysis (Table S11).
While this suggested that inter-tracer variation may influence
absolute SUVmax cut-offs, small subgroup sizes and inter-
centre variability in PSMA-PET procedures and patient
selection precluded definitive conclusions. At the same time,
inclusion of multiple radioligands in our primary analysis
reflected real-world practice variation. Future studies should
investigate these differences more systematically to optimise
diagnostic accuracy and support clinical decision-making.
Moreover, prevalence of suspicious LNs on PSMA-PET and
(histological) high-volume nodal disease was limited,
therefore results should be interpreted with caution. In
particular, analyses regarding high-volume nodal disease were
exploratory and hypothesis-generating due to limited number
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of patients (n = 20), which substantially limits statistical
power and model stability. In addition, miN2 patients may
have undergone a more extended ePLND, therefore
incorporating miN2 as predictor in the decision tool may
potentially have introduced verification bias. Nevertheless,
identifying patients with extensive nodal burden remains
clinically relevant, therefore these analyses were retained to
provide preliminary hypotheses for future validation.
Consequently, findings related to high-volume disease should
be viewed as provisional and require confirmation in larger,
prospectively enrolled cohorts. Additionally, although
histopathology of ePLND served as reference standard for
nodal involvement, it may fail to identify all metastatic LNs
[12]. Finally, we did not perform internal validation, which
introduces the possibility of overfitting. Further studies with
larger, prospectively enrolled cohorts are needed to validate
these findings and refine the proposed clinical decision tools.

Conclusions
In our multicentre study, PSMA-PET showed a 45.0%
sensitivity, 94.3% specificity, 64.7% PPV, and 88.3% NPV for
detection of nodal disease. Incorporating nodal SUVmax ≥4.9
to visual assessment increased sensitivity to 71.4% and PPV
to 81.1%. The developed pN1 tool suggests a potential to
identify those likely to harbour nodal disease, in whom
WPRT may be considered instead of surgical staging. In
addition, PSMA-PET effectively ruled out high-volume nodal
disease, with only 1.1% of miN0 patients showing four or
more positive LNs on histopathology. The high-volume nodal
disease tool identified those patients without four or more
positive nodes; however, analyses regarding high-volume
disease were exploratory due to the limited sample size. Both
tools require validation in larger prospective cohorts.
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Table S10. Univariate logistic regression analyses to assess PSA
and PSAd as predictors for pN1 and high-volume LNM disease.

Table S11. Tracer-specific receiver operating characteristic
curve analyses for optimal prostate and nodal SUVmax cut-off
for predicting pN1 disease in miN+ patients.
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