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Simple Summary

Lymph nodes are important in prostate cancer since their involvement can radically
change prognosis and treatment. Standard scans, such as CT and MR, often rely on lymph
node size and may miss small deposits of cancer. Prostate-specific membrane antigen
positron emission tomography (PSMA PET) is an imaging technique that can detect
prostate cancer based on molecular features rather than size alone. This review elaborates
how this scan can help physicians assess lymph node disease, guide surgery or
radiotherapy planning, and support more personalized treatment decisions. It also
highlights important limitations, including false-positive findings, missed microscopic
disease, differences between imaging tracers, and the need to interpret results together
with clinical risk. Overall, this review aims to help clinicians and researchers use this
imaging tool more effectively while emphasizing that it should complement, not replace,
established staging methods.

Abstract

Lymph node involvement in prostate cancer has major prognostic and therapeutic
implications, yet conventional imaging based on size and morphology remains limited in
detecting small-volume metastatic disease. Although extended pelvic lymph node
dissection is considered the reference standard for nodal staging, it is invasive, associated
with morbidity, and primarily diagnostic in intent. Prostate-specific membrane antigen
positron emission tomography (PSMA PET) has reshaped staging by enabling molecular
detection of nodal metastases, consistently demonstrating superior accuracy compared
with conventional imaging. This narrative review critically evaluates the role of PSMA
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PET in lymph node staging, with a primary focus on primary diagnosis and selected
considerations on biochemical recurrence, focusing not only on diagnostic accuracy but
on clinical utility and decision-making. PSMA PET shows high specificity but moderate
sensitivity for pelvic nodal metastases, with reduced performance for micrometastatic
disease; therefore, a negative scan cannot reliably exclude nodal involvement in high-risk
patients. Evidence indicates frequent stage migration and management changes,
including refinement of surgical planning, radiotherapy target delineation, and treatment
intensification strategies. However, most pivotal therapeutic trials were based on
conventional imaging, and long-term outcome data validating PSMA PET-guided
treatment adaptations remain limited. We discuss biological rationale, radiotracer
characteristics, interpretation frameworks, guideline perspectives, real-world variability
in adoption, and current limitations, including false-positive findings, PSMA
heterogeneity, and lack of universal standardization. Rather than replacing established
staging paradigms, PSMA PET should be integrated within a comprehensive, risk-
adapted framework. Ongoing prospective trials will clarify whether molecularly defined
nodal staging translates into improved oncologic outcomes and will determine its
definitive role in contemporary prostate cancer management.

Keywords: prostate cancer; PSMA PET; lymph node staging

1. Introduction
Lymph Node Staging in Prostate Cancer: Current Evidence and Guideline Perspectives

Accurate lymph node staging plays a central role in prostate cancer management due
to nodal involvement having major implications for both prognosis and treatment
selection. Pelvic lymph node metastases (N1) are associated with higher risks of
biochemical recurrence and cancer-specific mortality, whereas extra-pelvic nodal disease
(M1a) usually indicates systemic spread and the need for more intensive therapy [1-4].
Conventional imaging with CT and MRI relies on nodal size and morphology, which
limits sensitivity for small-volume metastases and can result in both under- and over-
staging [5]. In current practice, the indication for extended pelvic lymph node dissection
is guided by validated nomograms (e.g., Briganti, MSKCC, Gandaglia) that estimate the
individual probability of nodal involvement, which support risk-adapted selection for
lymphadenectomy but remain limited by their reliance on clinicopathologic variables
rather than direct detection of metastatic disease [6,7]. As a result, extended pelvic lymph
node dissection (ePLND) has historically been regarded as the reference standard for
nodal staging in patients undergoing radical prostatectomy, despite its invasiveness and
potential morbidity. However, while its role remains primarily diagnostic, a clear
therapeutic survival benefit has not been consistently demonstrated. Moreover, the
diagnostic yield of ePLND varies with the extent of dissection and pathological
assessment, highlighting its limitations as a universal staging approach [8,9].

Prostate-specific membrane antigen positron emission tomography (PSMA PET) has
rapidly changed prostate cancer imaging by enabling molecular staging based on target
expression rather than lymph node size alone. Across multiple prospective and
retrospective studies, PSMA PET has consistently shown superior sensitivity and
specificity compared with conventional imaging for detecting both pelvic nodal and
distant metastases [10]. This advantage was clearly demonstrated in the randomized
proPSMA trial, in which men with high-risk prostate cancer underwent either PSMA
PET/CT or conventional imaging; PSMA PET provided significantly greater staging
accuracy and led to more frequent changes in clinical management [11]. Follow-up
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analyses of the proPSMA trial have further demonstrated the prognostic value of PSMA
PET-based nodal staging. PSMA PET-defined nodal status was significantly associated
with treatment failure, whereas nodal staging based on conventional imaging did not
show prognostic significance, highlighting the ability of PSMA PET to better stratify
patients according to oncologic risk [12]. These prognostic findings are further
corroborated by a post hoc analysis of the surgical cohort from the phase IlI trial by Hope
et al., in which presurgical [%Ga]Ga-PSMA-11 PET/CT-defined nodal status, particularly
the presence of PSMA-nonlocalized disease, was a significant independent predictor of
biochemical recurrence-free survival [13]. More broadly, interim analyses from the
international PROMISE-PET Registry, which includes over 11,000 patients across multiple
centers, have demonstrated that PSMA PET-derived staging parameters, captured
through the standardized miTNM classification are independently associated with overall
survival across the entire disease spectrum, from primary staging through biochemical
recurrence to metastatic castration-resistant disease [14,15]. These findings support the
concept that PSMA PET provides not only improved diagnostic accuracy but also
clinically meaningful prognostic stratification.

Major professional societies have increasingly incorporated PSMA PET into clinical
guidelines, but differ in the strength and clinical implications of their recommendations.
The EAU guidelines give a strong recommendation for PSMA PET/CT for initial staging
in patients with high-risk localized or locally advanced prostate cancer, reflecting its
superior accuracy for nodal and distant staging compared with conventional imaging [2,3].
The National Comprehensive Cancer Network (NCCN), instead, states that PSMA
PET/CT or PSMA-PET/MRI, when available, can be considered as an alternative to CT,
MRI, and bone scans for initial staging in unfavorable intermediate-, high-, and very high-
risk disease, recommendations are category 2A unless otherwise specified [16]. The
European Society for Medical Oncology (ESMO) likewise acknowledges the higher
sensitivity and specificity of PSMA PET compared with conventional imaging but
emphasizes that this has not been shown to improve clinical outcomes and considers the
current evidence insufficient to issue a formal recommendation for its routine use in initial
staging. ESMO further cautions that patients with localized disease on standard imaging
should not be denied radical local treatment solely because metastatic lesions are
identified on novel imaging techniques [17]. Despite broad agreement regarding its
diagnostic advantages, guidelines continue to differ with respect to patient selection,
timing of imaging, and how PSMA PET findings should be incorporated into treatment
pathways. Real-world data suggest that the application of PSMA PET does not fully
mirror guideline recommendations, with variability in patient selection, timing of
imaging, and its role within staging pathways across institutions [18]. This variability
highlights the persistent gap between the high diagnostic accuracy of PSMA PET and the
currently limited outcome-based evidence supporting PET-driven treatment decisions.

Another interesting issue is the different perception about the use and utility of
PSMA PET between clinicians and nuclear medicine physicians, as reported by a recent
Italian survey. In this paper the Authors highlighted that only 50% and 20% of clinicians
use PSMA PET for primary staging in high risk and intermediate risk patients,
respectively. This difference may also be related to an uneven availability of PSMA PET
with subsequent longer waiting times to perform a PET than conventional imaging
modalities. This is in sharp contrast with 87% of nuclear medicine physicians considering
PSMA PET as the preferred staging test [19]. These findings are further supported by
additional national survey data demonstrating substantial heterogeneity in the adoption
of PSMA PET across institutions, influenced by factors such as radiotracer availability,
access to nuclear medicine infrastructure, and variability in its integration into clinical
decision-making pathways [18].
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Our aim is not simply to summarize diagnostic performance metrics, but to critically
examine the clinical utility of PSMA PET for lymph node staging in prostate cancer. We
focus on when PSMA PET should be used, how its findings should be interpreted across
different clinical scenarios, and the extent to which it meaningfully influences treatment
decisions. We also address current limitations, unresolved controversies, and emerging
directions, with the goal of offering a balanced and clinically relevant framework for
integrating PSMA PET into contemporary prostate cancer care. Given the nature of the
narrative review, the available evidence is interpreted according to its clinical purpose
and evidentiary strength, with prospective trials and histopathologically validated
studies being prioritized and retrospective data are used mainly to contextualize the data.

2. Materials and Methods
2.1. Biological Rationale of PSMA and Molecular Basis of Imaging

Prostate-specific membrane antigen (PSMA) is a type Il transmembrane glycoprotein
that is markedly overexpressed in prostate cancer cells compared with most normal
tissues. Its high, and prostate-restricted, expression among solid tumors has made PSMA
one of the most extensively validated biomarkers for diagnostic imaging in prostate
cancer. PSMA expression correlates with tumor grade and burden, with higher levels
often observed in more aggressive disease. Although expression is heterogeneous, the
overall prevalence and intensity of PSMA expression in prostate cancer underpin its value
as a molecular imaging target [20-22].

At the molecular level, PSMA exhibits folate hydrolase (glutamate carboxypeptidase
II) activity and is expressed on the external surface of tumor cells, allowing it to be targeted
by small-molecule inhibitors labeled with positron-emitting isotopes such as gallium-68
or fluorine-18. These PSMA-targeted radioligands bind with high affinity to the
extracellular domain of PSMA and undergo receptor-mediated internalization, resulting
in intracellular tracer accumulation and high tumor-to-background contrast on PET
imaging [20,23,24].

This imaging approach is fundamentally different from conventional modalities such
as CT or MRI, which rely primarily on anatomical features like lymph node size and
morphology. By targeting a tumor-associated antigen at the molecular level, PSMA PET
provides superior sensitivity and specificity compared with conventional imaging for
detecting prostate cancer metastases, including small lymph node deposits that may be
missed on standard imaging [25].

2.2. PSMA Radiotracers and Their Implications for Lymph Node Staging

The PSMA radiotracers most used in clinical practice for prostate cancer staging
include [%Ga]Ga-PSMA-11 and the '8F-labeled compounds, primarily [*¥F]JPSMA-1007,
[8F]rthPSMA-7.3, [FIDCFPyL, and [®F]JK-PSMA-7. Although all target the same
prostate-specific membrane antigen, they differ in physical properties and biodistribution,
which can affect the detection of pelvic and retroperitoneal lymph node metastases. The
main characteristics of the most used PSMA radiotracers and their implications for lymph
node staging are summarized in Table 1. Overall, comparative studies suggest broadly
similar diagnostic performance between *F- and %Ga-based tracers for nodal staging,
with some evidence of slightly higher lesion detection rates or SUV values with ['$F]-
labeled agents, although without consistent or definitive superiority across clinical
settings [26,27].
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Table 1. Comparison of commonly used PSMA radiotracers for lymph node staging.

Excretion Clinical Implications for
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. Urinary activity
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PSMA-11 site o limited sensitivity limited near
. y renal (~95%); strong . _
production . ) for micro bladder/prostatic bed
clinical evidence
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Low urinary
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[**FIPSMA- based, ~110-120 (hepatobiliar pelvic evaluation; uptake, especially nodal assessment near
1007 centralized min P ) longer half-life  bone; possible bladder/ureters; requires
production y allows false positives  cautious interpretation
distribution
FDA- d; . . .
Cyclotron- Reduced (vs. approve Urinary activity Favorable pelvic
[FlrhPSMA- . Sp 93-97%; .
73 based ~110 min  [*%Ga]Ga- reduced bladder ™Y affect pelvic  assessment; NCCN-
) production PSMA-11) . assessment listed; Phase 3 data
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Moderate  (~96-99%); good may affect pelvic .
based, ~110-120 . . . PSMA-11; slightly
[*FIDCFPyL . . (rapid image quality;  assessment; no . .
centralized min . improved pelvic
. clearance) scalable clear superiority
production . assessment vs. Ga tracers
production  over other tracers
Mixed (renal ngh IBR; .
[SF]JK-PSMA- Cyclotron- N equivalent to No proven Dual excretion may
based ~110 min - %Ga-PSMA-11;  superiority over reduce bladder
7 . hepatobiliary . .
production ) growing EU other tracers interference
experience

[(#Ga]Ga-PSMA-11 is the most extensively validated PSMA tracer and remains
widely used, particularly in centers with access to on-site local generators. It has a
relatively short physical half-life of approximately 68 min and is produced using a
germanium/gallium generator, enabling local synthesis but limiting centralized
distribution. Its diagnostic performance is driven by high binding affinity to PSMA, which
is overexpressed in prostate cancer cells, with subsequent rapid internalization and
intracellular retention of the radiotracer. These pharmacokinetic properties, combined
with relatively fast clearance from non-target tissues, allow for high lesion-to-background
contrast and detection of small-volume disease [28]. In the context of lymph node staging,
the ability of [#Ga]Ga-PSMA-11 for detecting pelvic and retroperitoneal lymph node
metastases is well established, with consistently high specificity (95% for nodal
involvement) and high positive predictive value for BCR (92%), although sensitivity (40%)
declines for sub-centimeter nodal disease [29-31]. A key limitation is its predominant
renal excretion, resulting in significant tracer accumulation within the urinary tract and
bladder. This may obscure adjacent pelvic structures, particularly lymph nodes located
near the bladder or prostatic bed, thereby potentially reducing diagnostic sensitivity in
this anatomically critical region [28] (see an emblematic example in Figure 1).
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¥ v/

[%*Ga]Ga-PSMA-11 PET/CT [*F]JPSMA-1007 PET/CT

Figure 1. Intra-individual comparison of PSMA PET/CT using different radiotracers in a patient
with biochemical recurrence after radical prostatectomy. Clinical history: robot-assisted radical
prostatectomy with extended pelvic lymph node dissection (RALP + ePLND) in 2019; biochemical
recurrence in 2020. Panel (A): [®*Ga]Ga-PSMA-11 PET/CT performed at a PSA level of 0.8 ng/mL.
Standard whole-body imaging with additional delayed pelvic acquisition after forced diuresis did
not demonstrate definite evidence of local recurrence, with urinary tracer activity partially limiting
evaluation of the prostate bed [32]. Panel (B): ['®)F][PSMA-1007 PET/CT performed two months later
at a PSA level of 0.95 ng/mL. Due to minimal urinary excretion, a focal uptake consistent with local
recurrence in the prostate bed is clearly detectable, which was not identified on the prior [68Ga]Ga-
PSMA-11 scan.

18F-labeled PSMA radiotracers, including [*F]PSMA-1007 and [*F]DCFPyL, offer
several practical and imaging advantages compared with ¢Ga-labeled tracers. These
tracers have a longer physical half-life of approximately 110-120 min, allowing centralized
cyclotron-based production. Their overall diagnostic performance is broadly comparable
to that of [#Ga]Ga-PSMA-11, with similarly high specificity (96 to 99%) for nodal
metastases and detection rates (85 to 86% for BCR) across both primary staging and
biochemical recurrence settings. From a pharmacokinetic perspective, 18F-labeled tracers
demonstrate distinct biodistribution patterns. [¥F]PSMA-1007 is characterized by
predominantly hepatobiliary clearance with minimal urinary excretion, whereas
[*F]DCFPyL exhibits partial renal excretion but with rapid clearance from the urinary
tract, which can facilitate clearer assessment of pelvic lymph nodes near the bladder and
ureters, especially in the obturator, internal iliac, and presacral regions. This may improve
detection in anatomically challenging areas compared with Ga-labeled tracers. However,
important differences exist between these agents: ['*FIPSMA-1007 has been associated
with a higher incidence of nonspecific uptake (sensitivity is approximately 42 to 61%),
particularly in bone and soft tissues, which may complicate interpretation and necessitate
careful correlation with anatomical imaging, whereas [FIDCFPyL demonstrates a
biodistribution more comparable to [#Ga]Ga-PSMA-11, with generally fewer nonspecific
findings reported in some series [26,28,33,34].

More recently, the radiohybrid PSMA ligand [*¥F]JrhPSMA-7.3 has received FDA
approval for PET imaging of PSMA-positive lesions in men with prostate cancer, based
on the phase 3 LIGHTHOUSE and SPOTLIGHT trials [35,36], and has been included in
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the NCCN guidelines [37]. ['*F[rhPSMA-7.3 demonstrates high PSMA binding affinity,
favorable biodistribution with reduced urinary excretion compared with [#Ga]Ga-PSMA-
11, and a longer physical half-life, allowing centralized cyclotron-based production. In the
LIGHTHOUSE trial, which enrolled 335 newly diagnosed patients with unfavorable
intermediate- to very high-risk disease, ['*F]rhPSMA-7.3 PET/CT achieved high specificity
(93-97%) for pelvic lymph node detection validated against histopathology, although
sensitivity ranged between 23% and 30% [35]. In the SPOTLIGHT trial, the agent
demonstrated high detection rates (88%) in patients with biochemical recurrence, with a
verified pelvic lymph node detection rate of 28% in post-prostatectomy patients [36]. EMA
approval is currently pending. The relatively low sensitivity observed in LIGHTHOUSE
should be interpreted in line with the broader limitations of PSMA PET for pelvic nodal
staging, particularly the histopathology-based detection of small-volume or
micrometastatic nodal disease below PET resolution.

Another ['8F]-labeled PSMA ligand gaining clinical interest is ['*F]JK-PSMA-7 (2-
methoxy [®F]-DCFPyL), which has demonstrated high target-to-background ratios in
preclinical comparisons and reported broadly comparable clinical utility to [*#Ga]Ga-
PSMA-11 in intra-individual comparison studies. In patients with biochemical recurrence,
[8F]JK-PSMA-7 PET/CT achieved overall detection rates of approximately 85%, with PSA-
stratified detection rates ranging from 54.5% (PSA < 0.5 ng/mL) to 90.9% (PSA >2 ng/mL).
Its combined renal and hepatobiliary excretion may offer a favorable pelvic assessment.
Although not yet approved by major regulatory agencies through a centralized marketing
authorization, [®¥F]JK-PSMA-7 has recently been included in the FEuropean
Pharmacopoeia (monograph 3205, Issue 12.2, implementation date April 2026), which
provides a standardized framework for its production and quality control at hospital
radiopharmacies across European institutions. This regulatory milestone is expected to
facilitate broader clinical adoption.

In current clinical practice, no single PSMA radiotracer has shown unequivocal
superiority for lymph node staging. Tracer selection is therefore largely guided by the
clinical context, disease distribution, and institutional experience. [®¥Ga]-labeled tracers
can be produced without cyclotron infrastructure. ['®F]-labeled agents require cyclotron-
based production, which can be performed either on-site at centers equipped with a
cyclotron or at centralized facilities with subsequent distribution to satellite centers, an
approach facilitated by the longer physical half-life of ['*F] (~110 min vs. ~68 min for [**Ga])
[26,27]. Awareness of tracer-specific characteristics, particularly urinary excretion
patterns, and the potential for benign uptake, is essential for accurate interpretation of
pelvic and retroperitoneal lymph node findings and to minimize false-positive results that
could lead to unnecessary interventions.

2.3. Diagnostic Performance of PSMA PET in Primary Lymph Node Staging

PSMA PET has significantly improved the non-invasive assessment of lymph node
metastases in newly diagnosed prostate cancer, particularly in patients with intermediate-
and high-risk disease. Multiple systematic reviews and prospective studies comparing
PSMA PET/CT with histopathology from radical prostatectomy and extended lymph
node dissection consistently report high specificity but only moderate sensitivity for
pelvic nodal staging [38,39]. In the largest prospective cohort to date, [%Ga]Ga-PSMA-11
PET/CT achieved a specificity of approximately 95% and a sensitivity of around 40% for
detecting pelvic lymph node metastases when benchmarked against histopathology,
underscoring its high positive predictive value but limited ability to reliably exclude
microscopic disease [31]. This limitation is particularly relevant in high-risk surgical
candidates, in whom the probability of nodal involvement remains substantial.

https://doi.org/10.3390/cancers18132094
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Meta-analytic data indicate that PSMA PET is more sensitive for larger lymph node
metastases (25 mm) and outperforms conventional cross-sectional imaging with CT or
MRI. Pooled estimates typically show sensitivity in the range of ~50-80% and specificity
of 290%, although substantial heterogeneity across studies remains [40,41]. Single-
institution series and meta-analyses also report a high negative predictive value for nodal
metastases in selected intermediate-risk patients, suggesting a potential role for PSMA
PET in guiding decisions about the necessity and extent of lymph node dissection
[38,42,43].

Despite these promising results, sensitivity remains suboptimal for micrometastatic
disease, representing a key limitation for preoperative staging. Small-volume nodal
metastases frequently fall below the spatial resolution of PET imaging, even with PSMA-
targeted tracers [44]. This limitation is further supported by data from the prospective
SALT trial, in which median tumor size of false-negative pelvic lymph node metastases
on [¥F]DCFPyL PET/CT was only 1.5 mm, compared with 5.5 mm for correctly identified
metastases, underscoring the inherent spatial resolution constraints of current PET
technology [45]. Consequently, current evidence supports the use of PSMA PET as a
strategic adjunct to clinical and nomogram-based risk assessment rather than as a
standalone replacement for histopathologic evaluation, particularly when surgical lymph
node dissection is being considered.

2.4. Clinical Impact of PSMA PET on Lymph Node Management

In primary staging of prostate cancer, PSMA PET consistently outperforms
conventional imaging, with multiple studies showing detection of lymph node metastases
missed by standard modalities and consequent reclassification of disease stage in a
substantial proportion of patients. Pooled analyses report upstaging rates of 20-30% or
higher when PSMA PET is used instead of CT or MRI, particularly in intermediate- and
high-risk populations, underscoring its clinical impact beyond diagnostic performance
metrics [46]. A large multi-institutional European Association of Urology (EAU) further
supports this real-world effect Young Academic Urologists study in high-risk cNOMO
patients, which demonstrated superior preoperative staging with PSMA PET and
clinically meaningful stage migration prior to surgery (see an emblematic example in
Figure 2) [47]. Less commonly, PSMA PET may also result in downstaging by clarifying
equivocal nodal findings on conventional imaging. These advantages were confirmed in
the randomized proPSMA trial, in which first-line PSMA PET/CT achieved higher staging
accuracy and led to more frequent management changes compared with standard
imaging [11].
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Figure 2. Stage migration with PSMA PET/CT in a 65-year-old man with high-risk prostate cancer
(cT3, Gleason score 4 + 4, initial PSA 42 ng/mL). (A) Conventional imaging: contrast-enhanced CT
(left) shows three lymph nodes of borderline or subcentimetric size (maximum diameters: 4 mm,
mediastinal; 6 mm, para-aortic; 10 mm, right iliac), none meeting size criteria for pathological
involvement. Whole-body bone scintigraphy (right) shows no skeletal metastases. Based on
conventional imaging, the patient was staged as cNO MO0. (B) [®Ga]Ga-PSMA-11 PET/CT maximum
intensity projection (MIP) reveals multiple PSMA-avid lymph nodes extending from the pelvis to
the mediastinum, consistent with widespread nodal metastatic disease (miM1a). This case illustrates
how PSMA PET/CT can detect molecularly defined metastatic disease beyond the reach of
conventional size-based imaging criteria, leading to clinically meaningful stage migration and a

fundamental change in treatment strategy —from curative-intent local therapy to systemic treatment.

The clinical impact of PSMA PET extends beyond diagnostic accuracy to treatment
planning. The clinical value of PSMA PET lies less in its ability to replace histopathologic
staging and more in its capacity to refine risk-adapted decision-making at critical
therapeuticjunctures. In surgical candidates, emerging evidence suggests that PSMA PET,
particularly when integrated with clinical nomograms, may help refine selection for
extended pelvic lymph node dissection in intermediate-risk patients, potentially reducing
unnecessary dissections while acknowledging that microscopic nodal disease may still be
missed [31,48,49]. By contrast, in high-risk patients, negative PSMA PET findings should
be interpreted more cautiously, as occult micrometastatic nodal disease may still be
present and may influence decisions regarding the extent or omission of ePLND. Recent
efforts have focused on developing nomograms specifically adapted to PSMA PET
findings. The Amsterdam-Brisbane-Sydney nomogram integrates lymph node status on
PSMA PET with conventional clinicopathological variables, achieving an AUC of 83%
(95%CI 0.78-0.88) [50]. Similarly, the updated Briganti 2023 nomogram, applied in PSMA
PET NO patients, achieved an AUC of 81% [51].

In radiotherapy planning, PSMA PET frequently influences target volume definition
by identifying PET-positive lymph nodes. This can lead to both expansion of nodal target
volumes and PET-guided dose escalation, but also recognition of “skip metastases”
outside conventional pelvic nodal templates. In a large PSMA-PET/CT-based lymph node
atlas of patients with nodal recurrence after radical prostatectomy, complete coverage by
a standard RTOG clinical target volume was achieved in only 31.0% of lymph node
metastases, while 51.8% were entirely outside, most notably located in the para-aortic,
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Cancers 2026, 18, 2094

10 of 21

pararectal, paravesical, preacetabular, presacral, and inguinal regions, illustrating how
PSMA PET may reveal disease beyond expected drainage areas and thereby alter CTV
delineation [52]. More broadly, a recent review emphasized that PSMA PET has had a
substantial impact on radiation oncology planning across both primary and recurrent
settings by improving identification of nodal disease and enabling individualized field
design and simultaneous integrated boosts to PET-positive lesions [53]. A recent clinical
planning study demonstrated that [%Ga]Ga-PSMA PET/CT altered the planned planning
target volume in a substantial proportion of patients undergoing both salvage and
definitive radiotherapy [54]. In the salvage setting, early outcome data suggest promising
results, with PSMA PET-guided elective nodal radiotherapy achieving 3-year biochemical
recurrence-free survival rates of approximately 72% [55].

In the setting of biochemical recurrence, the clinical value of PSMA PET lies in its
ability to achieve clinically meaningful detection rates even at low PSA levels and to
localize disease as nodal-only recurrence, directly informing salvage treatment strategies.
In a large prospective trial [#Ga]Ga-PSMA-11 PET demonstrated clinically meaningful
detection rates even at low PSA levels (e.g., approximately 38% for PSA levels <0.5 ng/mL),
with detection rates increasing alongside PSA [56]. Detection of occult nodal or distant
metastases on PSMA PET/CT may prompt consideration of earlier systemic therapy,
salvage lymph-node directed therapies or treatment intensification [57]. However, despite
its high specificity, sensitivity remains limited for the molecularly defined metastatic
population, and a negative PSMA PET scan does not exclude nodal involvement [58,59].
Prospective randomized studies incorporating PSMA PET as the primary staging
modality are therefore needed to clarify the therapeutic implications of PSMA-detected
disease.

Both the EAU and the American Urological Association (AUA) guidelines reflect this
evolving evidence base. The EAU recommends PSMA PET/CT, when available, for
staging in high-risk localized and locally advanced prostate cancer because of its superior
detection of nodal and distant metastases compared with conventional imaging and
suggests its use in selected intermediate-risk patients to refine staging. The EAU also notes
that PSMA PET has altered management in a substantial proportion of patients in
prospective studies, while emphasizing that outcome data based solely on PET-guided
decisions are still maturing [3]. This ongoing guideline caution reflects not uncertainty
about the diagnostic accuracy of PSMA PET, but persistent ambiguity regarding how
molecularly detected nodal disease should be weighted relative to established clinical and
pathological risk factors. Similarly, the AUA endorses PSMA PET, when available, as the
preferred advanced imaging modality in patients with suspected metastatic disease prior
to definitive local therapy, acknowledging that PSMA PET frequently identifies nodal
disease not detected by CT or MRI and may meaningfully influence treatment planning
[60].

Importantly, PSMA PET facilitates treatment personalization by enabling escalation
in patients with molecularly identified nodal disease, while potentially reducing
overtreatment in those without PET-detectable disease and avoiding undertreatment in
patients whose true nodal burden would be underestimated by conventional imaging
alone [11,38,61]. However, management change should not be equated with proven
clinical benefit. Although PSMA PET frequently alters staging and treatment planning,
robust prospective evidence demonstrating that PSMA PET-guided treatment adaptation
improves long-term oncologic outcomes remains limited. Guideline committees
emphasize that PSMA PET findings must be interpreted in the context of overall clinical
risk, recognizing that microscopic nodal disease below the resolution of PET imaging may
still be present [2,3,16].
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2.5. Limitations, Pitfalls, and Controversies in Lymph Node Assessment

Nonetheless, PSMA PET has several clinically relevant limitations in the assessment
of lymph node metastases (Table 2). False-positive findings represent a well-recognized
pitfall and may arise from multiple mechanisms. First, reactive or inflammatory lymph
nodes can demonstrate low to moderate PSMA uptake, reflecting increased vascularity
and immune activity rather than malignant infiltration [62]. Similarly, several physiologic
structures, most notably the sympathetic ganglia, including the stellate, celiac, and sacral
ganglia, can also be misinterpreted as nodal metastases if not carefully correlated with
anatomical imaging [62]. In addition, unspecific PSMA uptake may occur in a variety of
benign conditions, particularly those associated with increased bone turnover or
neovascularization [63,64]. Degenerative bone disease, healing fractures, and other
reactive skeletal processes are common sources of uptake and may lead to false-positive
skeletal findings, especially when using '8F-labeled tracers such as ['8F[PSMA-1007,which
have been associated with a higher incidence of nonspecific skeletal uptake [63,65].
Importantly, PSMA expression is also not entirely specific to prostate cancer, as it is also
present in the neovasculature of various non-prostatic malignancies and in certain benign
lesions. As a result, uptake may be observed in tumors such as renal cell carcinoma,
hepatocellular carcinoma, and lung cancer, as well as in benign entities including
hemangiomas and granulomatous diseases. These findings may mimic nodal or distant
metastatic disease and increase if not interpreted in the appropriate clinical and imaging
context [63,66]. Awareness of these potential pitfalls is essential for accurate interpretation.

Conversely, false-negative findings remain a critical limitation. PSMA PET has
reduced sensitivity for micrometastatic nodal disease, as small-volume metastases
frequently fall below the spatial resolution of PET imaging. However, beyond these
technical constraints, biological factors play an equally important role. PSMA expression
is inherently heterogeneous, both within individual tumors and across metastatic sites,
and a subset of prostate cancers may exhibit low or absent PSMA expression [67]. This
heterogeneity is dynamic and may evolve over the course of disease progression or
treatment, particularly in advanced disease states characterized by lineage plasticity, such
as neuroendocrine differentiation of androgen receptor-independent phenotypes, are
frequently associated with downregulation or loss of PSMA expression [20], As a result,
lymph node metastases that are biologically aggressive or dedifferentiated may not be
visualized on PSMA PET despite being clinically significant. This limitation is further
compounded by the inability of PET imaging to resolve intralesional heterogeneity below
its spatial resolution, meaning that PSMA-negative tumor components may remain
undetected even within otherwise PSMA-avid disease. Consequently, a negative PSMA
PET scan does not reliably exclude lymph node involvement, especially in patients with
high-risk or biologically aggressive disease [31,68]. This limitation is particularly relevant
in patients with a high pretest probability of nodal involvement, in whom occult
metastases may still be identified at extended pelvic lymph node dissection despite
negative PSMA PET findings, reinforcing the continued role of surgical staging in selected
high-risk cases.

These considerations underscore the importance of integrating PSMA PET findings
with conventional imaging, clinical risk stratification, and, where appropriate,
histopathological confirmation. In addition, given the documented interobserver
variability in PSMA-PET interpretation and the demonstrated improvement in staging
accuracy in centers with active multidisciplinary teams, integration of molecular imaging
findings into structured multidisciplinary discussions should be considered essential to
mitigate misclassification and avoid inappropriate treatment escalation [25,69].

Another important challenge is the lack of fully standardized interpretation criteria
for nodal disease. Although structured reporting systems such as PROMISE and PSMA-
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RADS have improved consistency, they are not uniformly adopted in routine clinical
practice [70,71]. This contributes to inter-reader and inter-center variability, particularly
in cases with low-level tracer uptake or borderline lymph node findings and may limit
reproducibility across institutions. In addition, access to PSMA PET varies globally,
limited radiotracer availability, regulatory constraints and their implementation in
routine practice remains heterogeneous, contributing to ongoing uncertainty about the
most effective and evidence-based integration of PSMA PET into lymph node staging
relative to surgical and radiotherapeutic strategies [62,72,73].

From a health economics perspective, the integration of PSMA PET into clinical
decision-making must be balanced against its higher upfront costs. Emerging evidence
suggests that PSMA PET may achieve a favorable cost-benefit profile in selected clinical
scenarios by reducing unnecessary invasive procedures and improving diagnostic
accuracy. For example, a recent cost-effectiveness analysis demonstrated that
incorporating PSMA PET/CT into the diagnostic pathway for equivocal MRI findings (PI-
RADS 3) can improve quality-adjusted life years (QALYs) while remaining borderline
cost-effective, partly by avoiding unnecessary biopsies and reducing overdiagnosis of
low-risk disease [74]. More broadly, systematic evaluations indicate that PSMA PET is
generally cost-effective compared with conventional imaging across multiple healthcare
settings, although results vary depending on local resource availability and clinical
context [74].

Collectively, these limitations underpin ongoing debate regarding the optimal role
of PSMA PET in clinical decision-making and reinforce the importance of interpreting
imaging findings within a comprehensive clinical, pathological, and risk-adapted
framework.

Table 2. Main limitations and pitfalls of PSMA PET in lymph node assessment: clinical examples.

Limitation/Pitfall

Mechanism Clinical Example

False-positive lymph node
uptake

Physiological ganglia uptake

Benign bone or soft-tissue
uptake

Tracer-specific nonspecific
uptake

Limited sensitivity for
micrometastatic nodal
disease

PSMA expression
heterogeneity

Urinary tracer activity
obscuring pelvic disease

Reactive or inflammatory nodes may show Mild PSMA uptake in pelvic or inguinal
low-to-moderate PSMA uptake due to nodes in a patient with recent infection,
increased vascularity or immune activation. inflammation, or post-procedural change.
Sacral, stellate, or celiac ganglia mistaken
Sympathetic ganglia can show PSMA for nodal disease, particularly when
uptake and mimic nodal metastases. uptake is elongated or located along
typical ganglion anatomy.
Rib uptake from a healing fracture,

Increased bone turnover, trauma, . . .
degenerative spinal uptake, hemangioma,

degenerative disease, or benign vascular

i . or granulomatous lesion misread as
lesions may show nonspecific uptake.

metastatic disease.

Isolated low-level bone uptake without CT
correlate in a patient otherwise staged for
nodal disease.

Negative PSMA PET in a high-risk patient
who later has microscopic nodal
metastases at ePLND.

Some tracers may show more nonspecific
skeletal uptake.

Small-volume nodal metastases may fall
below PET spatial resolution.

PSMA expression varies within and
between lesions; dedifferentiated or
neuroendocrine-like tumors may have
low/absent PSMA expression.

Aggressive disease with discordantly low
PSMA uptake despite clinical suspicion or
rising PSA.

Small obturator/internal iliac node or
prostate-bed lesion hidden by urinary
activity.

Renal excretion and bladder activity may
obscure small pelvic nodes or prostate-bed
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Inter-reader and inter-center
variability

Limited outcome-based
validation

recurrence, particularly with [68Ga] Ga-
PSMA-11.

PROMISE/miTNM and PSMA-RADS
improve consistency but are not universally
adopted.

Borderline low-level nodal uptake
classified differently across centers.

PET-detected M1a nodal disease leading
to systemic treatment intensification
despite limited long-term data for that
exact pathway.

Most therapeutic trials were designed
around conventional imaging, not PSMA
PET-defined disease states.

.. 1.1.,  Radiotracer production, regulatory A patient eligible for PSMA PET according
Access, cost, and availability i 11 . .
issues approval, infrastructure, and to guidelines but unable to access imaging
reimbursement vary by region. in a timely manner.

2.6. Comparison with Other Emerging Imaging Techniques

Before the advent of PSMA PET, choline PET/CT was widely used for staging and
restaging prostate cancer; however, its role has diminished as studies have demonstrated
superior lesion detectability with PSMA-targeted tracers, particularly for lymph node
metastases and at lower disease burden [75,76]. Whole-body MRI (WB-MRI) remains an
attractive radiation-free alternative and performs well for skeletal disease, but
comparative data in primary nodal staging suggest that PSMA PET provides greater
diagnostic confidence for lymph node assessment, although both modalities may miss
micrometastatic disease [73,77]. Hybrid PSMA PET/MRI seeks to combine the molecular
sensitivity of PET with the superior soft-tissue contrast of MRI. Systematic reviews
indicate that this approach may offer advantages for local and regional evaluation,
including nodal and intraprostatic staging, while providing broadly comparable
performance to PET/CT for detecting distant metastases, albeit with reduced availability
and increased technical complexity [78,79].

Beyond visual interpretation, radiomics and artificial intelligence approaches are
being explored to extract quantitative features from PSMA PET that may improve
reproducibility, automate lesion detection, including lymph nodes, and enhance risk
stratification. Radiomic analyses have shown promise in correlating imaging features
with tumor aggressiveness, lymph node involvement, and biochemical recurrence. Al-
driven models may also help address diagnostic challenges, such as differentiating
physiological uptake (e.g., ganglia) from true nodal metastases, and have demonstrated
improved accuracy compared with visual assessment in some studies. However, current
evidence remains heterogeneous and retrospective, and these tools should be regarded as
investigational adjuncts rather than practice-changing solutions at present [80,81].

Finally, alternative molecular targets are under investigation for PSMA-negative or
biologically distinct disease. *F-fluciclovine has been studied extensively (especially in
recurrence and in some primary-staging contexts), while GRPR-targeted tracers (e.g.,
%Ga-RM2) represent a promising complementary pathway. Early clinical studies suggest
potential utility in selected patients, although these agents remain less validated than
PSMA PET for routine lymph node staging [82-84].

3. Future Perspectives and Research Directions

A key unresolved question is whether PSMA PET can meaningfully replace ePLND
in primary staging. An important limitation of the current evidence base is its
heterogeneity. Although high-quality prospective studies support the diagnostic
superiority of PSMA PET over conventional imaging, much of the evidence regarding
treatment adaptation, real-world implementation, radiotherapy planning, and surgical
de-escalation remains derived from retrospective series, registry analyses, surveys, or
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expert consensus. Despite consistently high specificity, prospective studies validated
against histopathology demonstrate limited sensitivity, approximately 40%, for detecting
pelvic nodal metastases, indicating that a negative PSMA PET scan cannot reliably
exclude micrometastatic disease. On this basis, current evidence does not support PSMA
PET as a standalone alternative to ePLND in surgical candidates [45]. A more realistic
near-term approach is risk-adapted management, with selective de-escalation through
omission or tailoring of ePLND in carefully chosen lower-risk patients with negative
PSMA PET, and targeted escalation when PET identifies nodal disease likely to alter
management, strategies that require prospective validation.

Such validation is now underway, with randomized and multicenter trials designed
to determine whether PSMA PET-guided planning improves clinically meaningful
outcomes rather than simply refining staging. One example is the phase IIl PSMA dRT
trial (NCT04457245), which evaluates PSMA PET/CT-guided planning prior to definitive
radiotherapy in unfavorable intermediate- and high-risk patients to assess whether PET-
driven treatment modifications translate into improved clinical endpoints [65]. Beyond
traditional staging paradigms, the field is increasingly moving toward imaging-guided
and biology-driven strategies. PSMA PET is being used to direct focal treatment to PET-
positive lymph nodes through dose escalation or metastasis-directed therapy, and to
integrate molecular imaging findings with baseline clinical risk models to better
personalize treatment intensity. Standardized frameworks such as miTNM (PROMISE)
and its updated PROMISE V2 support this approach by promoting structured reporting
that captures not only the location and extent of nodal disease, but also semi-quantitative
measures of PSMA expression, thereby helping to link imaging phenotype with
therapeutic decision-making [14,85].

In parallel, PSMA-targeted technologies are increasingly being extended into the
intraoperative setting through radio-guided surgery. PSMA-targeted radio-guided
surgery (PSMA-RGS) combines preoperative molecular imaging with intraoperative -
probe detection, allowing real-time localization of PSMA-avid lesions and facilitating
more precise identification and resection of metastatic lymph nodes [86]. A recent
systematic review and meta-analysis by Wen et al. (2026) reported high diagnostic
accuracy across multiple anatomical levels, supporting the feasibility of this approach as
an adjunct to surgical staging [87]. This technique may be particularly valuable for
detecting small or anatomically challenging nodal metastases that are not easily identified
during conventional surgery, potentially improving surgical completeness. Furthermore,
the development of hybrid tracers integrating radio guidance with fluorescence imaging
represents an additional step toward enhancing intraoperative visualization [88]. Lastly,
accurate characterization of PSMA-positive nodal disease has increasing therapeutic
relevance in metastatic castration-resistant prostate cancer. Trials such as TheraP and
PSMAfore demonstrate that PSMA PET is not only a staging tool, but also a biomarker for
treatment eligibility and patient selection for ['”7Lu]Lu-PSMA-617 [89-91]. Although these
approaches remain investigational and are not yet incorporated into routine clinical
practice, they exemplify the evolving role of PSMA-targeted strategies in bridging
imaging and surgical intervention, with future studies needed to assess their impact on
long-term oncologic outcomes.

More broadly, PSMA PET-based approaches are contributing to a shift toward
molecularly defined staging, in which lymph node classification reflects not only anatomic
burden but also target expression and tumor biology. This evolving paradigm may have
direct implications for treatment selection and risk stratification, although further
prospective studies are required to determine its impact on long-term oncologic outcomes
86.
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Thus, to sum up, several clinically relevant questions remain unresolved and should
be prioritized in future prospective studies:

e  CanPSMA PET safely guide de-escalation of ePLND? Prospective studies are needed
to define which patients, particularly in intermediate-risk and selected high-risk
groups, can safely avoid or undergo a tailored lymph node dissection.

e Do PSMA PET-guided treatment changes improve oncologic outcomes? While
PSMA PET frequently leads to stage migration and management changes, it remains
unclear whether these adaptations translate into improved biochemical recurrence-
free, metastasis-free, cancer-specific, or overall survival.

e How should PET-positive nodal disease alter treatment intensity? The optimal
management of PSMA-detected pelvic nodal disease and extra-pelvic M1a disease
remains uncertain, particularly regarding systemic therapy, elective nodal
radiotherapy, focal dose escalation, and metastasis-directed treatment.

e How should negative scans be interpreted in high-risk patients? Because
micrometastatic nodal disease may remain below PET resolution, future work should
clarify how PSMA PET should be combined with nomograms, MRI, PSA kinetics,
biopsy grade, and other clinical risk factors.

e How can interpretation and reporting be standardized? Wider validation and
adoption of structured frameworks such as PROMISE/miTNM and PSMA-RADS are
needed to reduce inter-reader variability and improve reproducibility across centers.

e  What is the optimal tracer and imaging protocol for nodal staging? Comparative
studies should determine whether tracer selection, delayed imaging, diuretic
protocols, or acquisition parameters meaningfully improve nodal detection and
clinical decision-making.

e  Can PSMA-targeted radio-guided surgery improve outcomes? PSMA-radio-guided
and hybrid radiofluorescence-guided approaches are promising, but their impact on
surgical completeness, morbidity, recurrence patterns, and long-term survival
requires prospective validation.

e  How should cost, access, and implementation be addressed? Future research should
assess how PSMA PET can be integrated into routine care across different healthcare
systems, considering radiotracer availability, reimbursement, infrastructure, and
clinical impact.

4. Conclusions

PSMA PET has markedly improved lymph node staging in prostate cancer by
allowing disease detection at a molecular level, beyond what conventional imaging can
achieve. It should be viewed not as a replacement for existing nodal staging paradigms,
but as a complementary tool that reshapes how nodal disease is conceptualized and
operationalized in contemporary prostate cancer care. While its high specificity often
leads to meaningful changes in management, limited sensitivity for micrometastatic
disease means it cannot replace extended pelvic lymph node dissection as a standalone
staging tool. Instead, its greatest strength lies in supporting risk-adapted treatment
decisions. Ongoing clinical trials, greater standardization, and closer integration with
established risk models will determine how PSMA PET is best used to guide nodal
management.
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