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PSMA PET/CT improves precision diagnosis, treatment,
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Abstract: Prostate cancer is one of the most prevalent malignancies in males worldwide. Its diagnosis and treat-
ment have long faced challenges, including inaccurate disease staging, difficulty in localizing recurrence sites, and a
lack of evidence for individualized decision-making. Recently, prostate-specific membrane antigen (PSMA) positron
emission tomography (PET)/computed tomography (CT) technology has emerged as a major breakthrough in ad-
dressing these limitations. This review systematically summarizes the technical principles and clinical applications
of PSMA PET/CT, and evaluates its impact on diagnostic and therapeutic paradigms of prostate cancer, including its
role in precision staging for high-risk patients at initial diagnosis, early localization of biochemical recurrence sites,
target delineation for radical therapy, screening of oligometastatic patients for targeted metastatic treatment, as
well as its central function in integrated diagnosis and treatment. In addition, this review discusses current limita-
tions of the technology, including inconsistent interpretation standards and controversies over health economics.
Future perspectives are also outlined, focusing on the development of novel tracers, the integration of artificial intel-
ligence, and multidisciplinary collaboration. Through the integration of a large amount of clinical research data, this
review aims to demonstrate the transformative value of PSMA PET/CT in the diagnosis and treatment of prostate
cancer, and to provide evidence-based support for clinical practice and future guideline updates.
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Introduction of high-risk patients coexist, increasing health-
care burdens and adversely affecting overall
prognosis [4]. Treatment options for patients
with metastatic castration-resistant prostate
cancer (NCRPC) remain limited, and the opti-
mal timing and combination strategies for no-
vel therapies are still unclear [5]. In addition,
the sensitivity of traditional imaging approach-
es, such as computed tomography (CT) and
bone scans, is insufficient for detecting early
recurrence, which may result in missed oppor-
tunities for timely salvage therapy [6]. Tumor
heterogeneity further complicates clinical deci-
sion-making. For example, prostate cancer in
indigenous West African men exhibits unique

Prostate cancer is a prevalent malignancy in
men worldwide and imposes a significant di-
sease burden. According to epidemiological
data, prostate cancer is one of the leading
causes of cancer-related deaths among men
in the United States, with an age-adjusted mor-
tality rate of 52.92 per 100,000 individuals
[1]. In China, the number of new cases in-
creased from 13,800 to 81,400 (a 490.27%
increase) between 1990 and 2013, and the
number of deaths rose from 5,800 to 17,800
(@ 206.86% increase) [2]. In Mexico, the inci-
dence and mortality of prostate cancer are
279.6 and 99.1 per 100,000 individuals, re-

spectively [3].

Despite advances in diagnostic and therapeu-
tic technologies, several key challenges rema-
in in prostate cancer management. Overtreat-
ment of low-risk patients and undertreatment

biological characteristics, with 83% of pa-
tients lacking the transmembrane Serine Pro-
tease 2 (TMPRSS2)- ETS transcription factor
(ERG) fusion, and 29% presenting a double-ne-
gative phenotype (ERG-negative/Phosphatase
and tensin homolog (PTEN)-deficient), which
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may influence their response to conventional
therapies [7]. At the therapeutic level, zoled-
ronic acid has been shown to significantly
reduce bone turnover markers, including Pro-
collagen type | N-terminal propeptide (P1NP)
and C-terminal telopeptide of type | collagen
(CTX), in patients with bone metastases; how-
ever, its impact on overall survival remains li-
mited [8, 9]. Immunotherapies show survival
benefits in patients, whereas its efficacy is re-
duced in those with a high tumor burden [10].
Therefore, it is urgent to develop novel strate-
gies for the precise diagnosis and treatment of
prostate cancer.

Prostate-specific membrane antigen (PSMA) is
a type Il transmembrane glycoprotein that is
highly expressed in prostate cancer cells, and
its expression levels are positively correlated
with tumor aggressiveness, castration resis-
tance, and metastatic potential [11]. PSMA is
not only an ideal diagnostic target, but also a
component of a theranostic strategy integrat-
ing diagnosis and treatment when its ligand is
conjugated with a radionuclide [12, 13]. The
imaging principle of PSMA positron emission
tomography (PET)/computed tomography (CT)
is based on the specific binding of radio-
labeled PSMA ligands (e.g., ®3Ga-PSMA-11,
18F-PSMA-1007) to PSMA on the cell surface,
followed by internalization. Positron-emitting
radionuclides enable high-sensitivity detection
of PSMA-expressing lesions via PET, while CT
provides anatomical localization. This molecu-
lar imaging technique can detect micrometa-
static disease (e.g., lymph node micrometa-
stases) missed by traditional imaging methods.
In patients with biochemical recurrence (BCR),
PSMA PET/CT demonstrates a significantly hi-
gher detection rate than traditional methods,
and can even identify recurrence even at pros-
tate-specific antigen (PSA) levels are below 0.5
ng/mL [7, 14].

In addition to prostate cancer, PSMA is also
expressed in the neovascularization of various
solid tumors, including renal cell carcinoma,
bladder cancer, lung cancer, and glioblastoma
[15]. Therefore, PSMA PET/CT also holds po-
tential for imaging and targeted therapy in
these malignancies; however, its clinical appli-
cation remains in the research stage.

Although existing research has confirmed the
significant value of PSMA PET/CT in the diagno-
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sis and treatment of prostate cancer, most
reviews have not systematically integrated its
role across the entire clinical workflow, from in-
itial staging to treatment decision-making. In
addition, few have incorporated the latest evi-
dence from the past three years. Furthermore,
critical analysis of technological limitations and
future directions is also insufficient. Therefore,
this review systematically summarizes the prin-
ciples and clinical applications of PSMA PET/
CT, with a focus on its role in precise staging,
BCR localization, target delineation, selection
of patients for metastasis-directed therapy in
oligometastatic lesions, and integrated diag-
nosis and treatment. It incorporates the latest
research evidence, discusses current techni-
cal limitations, and highlights future develop-
ment directions, including artificial intelligence-
assisted interpretation and the development of
novel radiotracers. This review aims to provide
evidence-based guidance for optimizing indi-
vidualized treatment strategies and to serve as
a reference for future guideline development.

Principles and technological advancements of
PSMA PET/CT

Biological characteristics of PSMA and the
basis of targeted diagnosis and treatment

Due to the unique biological characteristics of
PSMA, including high expression on the surface
of prostate cancer cells and efficient internal-
ization upon ligand binding, it is considered as
an ideal target [16, 17]. Its extracellular do-
main shows glutamic acid carboxypeptidase
activity, enabling the hydrolysis of N-acetyl-
L-aspartic acid-L-glutamic acid (NAAG), which
provides a biochemical basis for the design
of high-affinity ligands [18]. Upon binding to
PSMA, ligand-receptor complexes undergo en-
docytosis, facilitating radionuclide accumula-
tion within tumors for imaging or treatment
[17].

Tumor microenvironment affects PSMA expres-
sion, with inflammatory responses and angio-
genesis elevating its expression, offering po-
tential targets for combination therapies [7].
The clinical value of PSMA-based targeting has
been well established: PSMA PET/CT demon-
strates notably higher detection rates and sta-
ging accuracy than conventional imaging in
patients with BCR and newly diagnosed high-
risk prostate cancer [19, 20]. In addition,
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such as 8F-PSMA-1007 have
longer half-lives and higher
tracer uptake rates, enabling
improved detection of smaller
lesions [25]. The application of
dynamic imaging techniques
(e.g., early-phase imaging wi-
thin 5 minutes after tracer
injection) help distinguish tra-
cer uptake from physiological
excretion (e.g., within the blad-
der), which enhances diagnos-
tic accuracy [26].
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gies are also important. Mo-
dern PET/CT scanners have

Figure 1. Simplified mechanism of Prostate-specific membrane antigen
(PSMA)-targeted theranostics. Notes: PSMA, Prostate-specific membrane
antigen; PET/CT, positron emission tomography (PET)/computed tomogra-

phy (CT).

PSMA-targeted radioligand therapies (e.g.,
7_Lu-PSMA-617) have shown favorable effi-
cacy in patients with mCRPC [21]. Additionally,
the combination of PSMA-targeted drugs with
immunotherapy has demonstrated synergistic
effects in preclinical studies [22]. The relation-
ship between PSMA expression and tumor
metabolism also enables the integration of
PSMA PET/CT with Fluoro deoxy glucose (FDG)
PET/CT for a more comprehensive assessment
of tumor biological characteristics [21]. The
mechanism underlying PSMA-targeted imag-
ing and therapy is summarized in Figure 1.

Principle and development of PSMA PET/CT
imaging technology

PSMA PET/CT imaging is based on the specific
binding of radiolabeled PSMA ligands to sur-
face PSMA on tumors. Currently, small-mole-
cule inhibitors (e.g., PSMA-11, PSMA-617) are
widely used due to their high affinity and fa-
vorable pharmacokinetic profiles. For instance,
68Ga-PSMA-11 exhibits nanomolar-level binding
affinity, with optimal tumor-to-background con-
trast peaking at 60 minutes post-injection,
making it suitable for imaging [23, 24].

The evolution of PSMA imaging tracers has
evolved from antibody-based ligands to sm-
all-molecule inhibitors. Small-molecule ligands

5103

higher resolution and sensitiv-
ity, enabling the detection of
lesions <5 mm in diameter
[27]. Artificial intelligence app-
roaches (e.g., deep learning
algorithms) can facilitate auto-
mated lesion segmentation and standardized
uptake values (SUV) quantification, thereby mi-
nimizing human errors [27]. Diagnostic capa-
bilities are further enhanced by multimodal
imaging (e.g., PSMA PET/MRI) through the in-
tegration of functional and anatomical infor-
mation [28].

Precision diagnosis and restaging of PSMA
PET/CT in prostate cancer

PSMA PET/CT for precision staging and me-
tastasis detection in newly diagnosed high-risk
patients

For newly diagnosed high-risk patients, accu-
rate staging is the fundamental for treatment
decision-making. In a large cohort study in-
volving 691 high-risk patients, PSMA PET/CT
detected lymph node and/or distant meta-
stases in 35.3% of patients, including 31.4%
lymph node metastases and 16.8% with bone
metastases [29]. Its staging accuracy is app-
roximately 27% higher than that of traditional
CT and bone scintigraphy [30]. This significant
advantage stems primarily from the differenc-
es in the mechanisms underlying molecular
imaging and conventional imaging. In lymph
node assessment, conventional CT primarily
relies on size-based criteria (e.g., short-axis
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diameter threshold >10 mm), thereby over-
looking small metastatic lesions in structurally
normal or minimally enlarged lymph nodes. In
contrast, PSMA PET/CT overcomes these ana-
tomical limitations by targeting PSMA overex-
pression, enabling detection and characteriza-
tion of metastatic involvement even in small
lymph nodes measuring approximately 4-5 mm
[31]. A similar limitation is observed with con-
ventional bone scintigraphy using technetium-
99m-labeled diphosphonates. Because tracer
uptake primarily reflects osteoblastic activity
and reactive bone remodeling rather than
tumor cells themselves, skeletal scintigraphy
may yield false-negative findings during the
early stages of marrow-confined metastatic
dissemination prior to the development of
significant osseous response. Conversely, in-
creased tracer uptake associated with degen-
erative joint disease, fractures, inflammation,
or other benign remodeling processes may
result in false-positive interpretations [32, 33].
In a study involving 78 newly diagnosed pa-
tients, PSMA PET/CT demonstrated a metasta-
sis detection rate of 51.2% (10 cases of re-
gional lymph node metastases and 30 cases
of distant metastases) and identified micro-
metastatic disease missed by conventional
imaging [34, 35]. Moreover, the total number
of metastatic lesions detected by PSMA PET/
CT has been shown to be negatively correlat-
ed with patient prognosis [36].

PSMA PET/CT also demonstrates significant
clinical impacts, leading to treatment regimen
modifications in approximately 36% of patients
and significantly influencing radiotherapy plan-
ning [37]. It also facilitates extended lymph
node dissection in patients with lymph node
metastasis, potentially improving survival out-
comes [38]. Although there is controversy over
its clinical significance in micrometastatic dis-
ease, growing evidence supports its value as
a standard staging tool for high-risk patients
[39]. The recently reported THUNDER trial fur-
ther confirmed the staging value of PSMA
PET/CT in newly diagnosed high-risk patients.
This study showed that PSMA PET/CT result-
ed in disease stage reclassification in 24% of
patients, leading to radiotherapy regimen modi-
fications in approximately one-third of cases
[40]. Another head-to-head study showed that
18F-PSMA-1007 reclassified 15% of patients
from localized to metastatic disease and de-
tected lymph node metastases that were com-
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pletely missed by CT in 20% of patients [41]. To
standardize reporting, the consensus-based
molecular imaging TNM (miTNM) system [42]
has been proposed and increasingly adopted
in clinical practice. This system provides stan-
dardized subclassifications (e.g., miN1 for re-
gional lymph node involvement and miM1b for
bone metastasis), thereby improving interob-
server consistency and supporting risk stratifi-
cation and treatment planning. It should be
noted that existing evidence largely focuses
on the impact of PSMA PET/CT on staging pro-
gression, whereas the clinical implications of
imaging-detected micrometastatic disease re-
mains controversial. In our opinion, not all
micrometastases detected by PSMA PET/CT
necessarily require immediate treatment in-
tensification. For example, isolated lymph node
metastases smaller than 5 mm with relatively
low uptake (e.g., SUVmax <b), corresponding
to low-volume miN1 disease, may represent a
lower-risk subgroup, for which short-term im-
aging surveillance could be considered as an
alternative to immediate systemic escalation
[43-45]. This perspective challenges the tra-
ditional notion of “stage migration automati-
cally leading to treatment escalation” and may
help reduce overtreatment. Collectively, we
hypothesize that patients with 1-3 isolated
pelvic lymph nodes may be suitable for short-
term surveillance, whereas those with =5
metastatic lesions or visceral involvement (mi-
M1c) may require active systemic treatment.
Such refined risk stratification based on mi-
TNM parameters may potentially avoid unnec-
essary treatment upgrades in about 15%-20%
of low-risk patients.

Currently, although mainstream guidelines ma-
inly recommend PSMA PET/CT for high-risk
patients, increasing evidence suggests that
approximately 8%-15% of intermediate-risk pa-
tients may harbor occult lymph node meta-
stasis. The 2025 update of the European
Association of Urology (EAU) guidelines states
that PSMA PET/CT may also be considered for
staging in selected intermediate-risk patients
with additional risk factors [46].

PSMA PET/CT for early localization and quali-
tative diagnosis of biochemical recurrence
sites

PSMA PET/CT demonstrates distinct advanta-
ges in the early localization of BCR. Its detec-
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tion rate increases with rising PSA levels, ran-
ging from 11.3% at 0.01-0.2 ng/mL, 26.6% at
0.2-0.5 ng/mL, and up to 95.5% at =22 ng/mL,
according to a retrospective study of 532 BCR
patients [47]. Overall, detection rate of lymph
node metastases can reach 77.9% [48]. Re-
garding lesion characterization, PSMA PET/CT
effectively distinguishes recurrent lesions from
benign lesions (e.g., postoperative alterati-
ons, inflammation) [49]. Early dynamic imaging
helps differentiate prostate cancer recurrence
from physiological urinary activity [49]. This
approach is particularly relevant for ®Ga-
labeled PSMA tracers, which undergo rapid
renal excretion and may result in intense blad-
der activity that can obscure lesions within the
prostatic fossa or adjacent pelvic structures
[31, 50]. Furthermore, tracers with low urinary
excretion, such as *¥F-PSMA-1007, which are
predominantly cleared through the hepatobili-
ary system, exhibit reduced urinary excretion
and may improve lesion detectability in re-
gions adjacent to the bladder. By minimizing
urinary interference and halo artifacts, these
tracers can facilitate more accurate evalua-
tion of local recurrence in anatomically com-
plex pelvic regions [51-53]. In addition, quanti-
tative metabolic parameters (e.g., SUVmax)
have been associated with tumor aggressive-
ness, which is helpful in malignancy assess-
ment [54]. Treatment decisions for BCR pa-
tients are significantly influenced by PSMA
PET/CT. Approximately 74.6% of patients thus
changed their treatment regimens, with the
majority (86%) transferring to targeted treat-
ment for metastatic lesions [55]. Despite limi-
tations such as false-positive findings and high
costs [56], its central role in BCR manage-
ment has increasingly recognized. Based on
current evidence, we propose a refined per-
spective: although PSMA PET/CT detection ra-
tes increase with rising PSA levels, a negative
result at PSA levels <0.5 ng/mL should not
preclude further evaluation for recurrence. In
selected patients, repeat PSMA PET/CT or com-
bined multiparametric MRI at short intervals
(e.g., 3 months) may be considered, as micro-
scopic lesions may be missed due to low tracer
uptake or technical limitations. However, this
dynamic surveillance strategy has not yet been
incorporated into mainstream guidelines and
warrants prospective validation.

Mazzone et al., in a meta-analysis of 43 stu-
dies involving 8,119 patients, reported that
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detection rates after radiotherapy (92%) were
higher than those after radical prostatectomy
(60%). In the post-prostatectomy subgroup,
detection rates were 48% at PSA 0.2-0.5 ng/
mL, approximately 65%-70% at PSA 0.5-1.0
ng/mL, and exceeded 90% at PSA >2 ng/mL
[57]. Notably, Gleason score had no significant
effect on the detection rate (P = 0.08) [57],
challenging the traditional notion that PSMA
PET/CT should be reserved primarily for high-
risk patients. This finding suggests that PSMA
upregulation in recurrent disease may be driv-
en more by tumor biological reactivation than
by baseline histopathological grade, thereby
supporting a lower threshold for molecular im-
aging across risk categories [58, 59]. A retro-
spective cohort study focusing on patients who
had not yet met the Phoenix criteria (i.e., elevat-
ed PSA but not exceeding the lowest point + 2
ng/mL) after radiotherapy showed that 76.6%
of such patients had recurrence detected by
PSMA PET/CT, and 75.9% were suitable for lo-
cal salvage therapy [60]. This finding provides
strong evidence supporting earlier and more
accurate detection of post-radiotherapy recur-
rence. Furthermore, a German multicenter re-
trospective study comparing ¢8Ga-PSMA-11,
68Ga-PSMA 1&T, and 8F-PSMA-1007 showed
an overall detection rate of 29.6% in patients
with PSA <0.2 ng/mL after radical prostatecto-
my, with detection performance correlated to
PSA doubling time [61]. Collectively, these fin-
dings indicate that a negative PSMA PET/CT
result cannot definitively rule out disease re-
currence. Approximately 15%-20% of patients
with initially negative results may demonstrate
lesion detection on repeat imaging within 3-6
months. Therefore, patients with high-risk BCR
(PSA doubling time <6 months, Gleason >8) are
recommended to undergo re-examination with-
in 3-6 months or combined evaluation with
multiparametric MRI. This strategy leverages
the complementary strengths of functional of
anatomical imaging, potentially reducing false-
negative findings caused by low PSMA expres-
sion or spatial tumor heterogeneity.

Comparison of advantages and disadvantages
of PSMA PET/CT versus conventional imaging
techniques

PSMA PET/CT demonstrates superior diagnos-
tic performance compared with conventional
imaging modalities (CT, bone scintigraphy, cho-
line PET/CT) in terms of both sensitivity and
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Table 1. Performance comparison of PSMA PET/CT versus conventional imaging techniques in pros-

tate cancer

Dimension CT Bone scan Choline PET/CT PSMA PET/CT
Sensitivity for detecting ~46.1% Not applicable Variable data, ~71.4%
lymph node metastasis typically lower

Sensitivity for detecting Not sensitive to os- ~72.7% Moderate ~90.9%

bone metastasis teoblastic lesions

Specificity for detecting Low ~52.9% Moderate ~100%

bone metastasis

Ability to detect microscopic Poor Poor Limited Excellent

and micrometastatic lesions

Detection rate in BCR (PSA  Extremely low Extremely low Moderate 11.3%-26.6%

<0.5 ng/mL)

Resulting changes in treat-  ~15% ~15%

ment regimen (proportion)
Cost-effectiveness

Variable data ~28% to 36%

Lower costs, but Lower costs, but High costs, with High initial costs, pos-

with poor accuracy with poor accuracy moderate benefits sibly superior overall

cost-effectiveness

Note: PET, positron emission tomography; CT, Computed tomography; BCR, Biochemical recurrence; PSA, Prostate-Specific An-

tigen.

specificity. For bone metastasis detection,
PSMA PET/CT achieves a sensitivity and spe-
cificity of 90.9% and 100%, respectively, com-
pared with 72.7% and 52.9% for bone scinti-
graphy [62]. For lymph node metastasis eva-
luation, PSMA PET/CT also shows markedly
improved performance compared with CT, with
a sensitivity of 71.4% and specificity of 100%
[63]. PSMA PET/CT is also advantageous in
detecting microscopic and micrometastatic le-
sions, including bone marrow micro-metasta-
ses that are frequently missed by convention-
al imaging modalities [35, 64]. Among BCR
patients, PSMA PET/CT achieves a detection
rate of up to 94%, significantly higher than that
of choline PET/CT (75%) [65]. This advantage
promotes optimized clinical decision-making.
Accordingly, the proportion of treatment mo-
dification following PSMA PET/CT (approxima-
tely 28%) is higher than that associated with
traditional imaging (15%) [30]. Cost-effective-
ness analysis also supports its clinical utility,
as improved diagnostic accuracy may redu-
ce unnecessary examinations and treatments
[39]. Nevertheless, PSMA-targeted imaging
has inherent limitations and potential interpre-
tive pitfalls that must be recognized in clinical
interpretation. From a technical perspective,
lesions approaching or below the spatial reso-
lution limits of contemporary PET systems may
be affected by partial-volume effects, result-
ing in underestimation of tracer uptake and
reduced sensitivity for very small metastatic
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deposits or early local recurrence [31]. In addi-
tion, an important biological limitation is ob-
served in advanced or pretreated heavily pros-
tate cancer, where tumor dedifferentiation or
neuroendocrine transformation may result in
marked downregulation or complete loss of
PSMA expression [66, 67]. Under these circum-
stances, disease lesions may become PSMA-
negative and therefore occult on PSMA PET
imaging [66, 67]. Therefore, conventional ana-
tomical imaging and "18F-FDG PET/CT retain
an important complementary role, particularly
in selected high-risk or advanced disease set-
tings, as they may identify PSMA-negative but
metabolically active tumor foci that would oth-
erwise be underestimated by PSMA-targeted
imaging alone [31, 68]. In conclusion, PSMA
PET/CT demonstrates clear superiority over
conventional imaging in diagnostic accuracy,
detection of small-volume lesions, and impact
on clinical decision-making (Table 1). It has
therefore been widely recognized as a vital tool
for staging and restaging of prostate cancer.

PSMA PET/CT in guiding prostate cancer
treatment decisions

PSMA PET/CT-guided target volume delinea-
tion and scope adjustment in radical treat-
ment (surgery/radiotherapy)

In the setting of radical surgery, PSMA PET/CT
enables more precise tailoring of the extent of
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lymph node dissection by accurately identify-
ing metastatic nodal involvement. In a clinical
study, PSMA PET/CT detected lymph node
metastases in 15.6% of patients and contrib-
uted to modifications of the planned surgical
approach [38]. Beyond its role in preoperative
planning, the molecular targeting capability of
PSMA-directed imaging has facilitated the de-
velopment of PSMA-guided radioguided sur-
gery (RGS) and intraoperative bimodal guid-
ance techniques combining fluorescence/ra-
diotracer [69, 70]. Using handheld gamma
probes, surgeons are able to detect and local-
ize occult pelvic lymph node metastases small-
er than 1 cm, including lesions located outside
the standard extended pelvic lymph node dis-
section (ePLND) template in both in vivo and ex
vivo settings [71, 72]. Such real-time guidance
enhances the precision of metastatic lesion
resection, potentially improving oncological
clearance while preserving noninvolved neuro-
vascular structures [72, 73]. In radical radio-
therapy, PSMA PET/CT contributes to optimiz-
ed target volume delineation. In patients with
prostate cancer recurrence, the technology pr-
ecisely defines the extent of recurrence, the-
reby facilitating escalation of tumor radiation
dose while reducing irradiation of normal tis-
sues [74, 75]. PSMA PET/CT also achieves pre-
cise targeting with controlled toxicity in the
guidance of stereotactic radiotherapy for oligo-
metastases [76]. In summary, approximately
36% of patients changed their radiotherapy re-
gimens based on PSMA PET/CT findings [37].
We propose that the use of PSMA PET/CT in tar-
get delineation should extend to the charac-
terization of tumor biological boundaries (i.e.,
regions with heterogeneous expression of
PSMA) rather than limited to the localization
of metastatic lymph nodes. Existing studies
have overlooked the impact of spatial hetero-
geneity of PSMA expression within primary le-
sions on radiotherapy dose. We therefore sug-
gest that future radiotherapy planning should
define biological target volumes based on the
metabolic volume and heterogeneity index de-
rived from PSMA PET/CT, rather than relying
solely on morphological boundaries. More spe-
cifically, quantitative PET-derived imaging bio-
markers, including SUV-based tumor segmen-
tation and radiomic characterization of intra-
tumoral heterogeneity [77, 78], may facilitate
the implementation of biologically guided dose-
painting strategies. Through this approach, si-
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multaneous integrated boost (SIB) irradiation
can be selectively delivered to biologically
aggressive intratumoral subregions, such as
areas of high PSMA expression and/or hypo-
xia-associated heterogeneity [79, 80], while
minimizing radiation exposure to surrounding
organs at risk (OARs), including the rectum and
bladder wall [31]. This strategy aims to enhan-
ce local tumor control without substantially
increasing treatment-related toxicity. Collecti-
vely, this paradigm shift supports a transition
from purely anatomical target definition to bio-
logically informed radiotherapy planning.

PSMA PET/CT for identification of oligometa-
static patients suitable for metastasis-directed
treatment

PSMA PET/CT is a critical imaging modality for
identifying patients with oligometastatic pros-
tate cancer (typically <5 metastatic lesions)
and guiding metastasis-directed therapy (MDT).
Importantly, the adoption of PSMA PET/CT has
redefined the conceptual framework of oligo-
metastatic disease, shifting patient classifica-
tion from an anatomy-based definition toward
a molecular imaging-driven paradigm [81].
Owing to its superior sensitivity in detecting
otherwise occult metastatic deposits, PSMA
PET/CT frequently leads to stage migration and
facilitates the exclusion of patients with higher
metastatic burden than initially recognized on
conventional imaging [30, 82, 83]. As a result,
candidates selected for MDT more likely to rep-
resent a biologically more homogeneous sub-
group characterized by genuinely low-volume
and spatially restricted disease, which may
improve the consistency of therapeutic out-
comes [84]. PSMA PET/CT accurately detects
both synchronous or metachronous oligome-
tastatic lesions [85], with SUVmax values cor-
relating with disease aggressiveness [86].

PSMA PET/CT-guided targeted therapies for
metastases (e.g., stereotactic radiotherapy)
have demonstrated clinical efficacy, including
reductions in PSA levels in a substantial pro-
portion of patients and prolongation of progres-
sion-free survival. In some patients, it can even
delay the start of systemic therapy, such as
androgen deprivation therapy (ADT) [86, 87].
The number of metastatic lesions detected by
PSMA PET/CT correlates with prognosis, with
fewer lesions indicating better outcomes [88].
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PSMA PET/CT can be used for treatment re-
sponse assessment, where decreased tracer
uptake after therapy indicates effective treat-
ment [89].

Shekar et al. reported a single-center retro-
spective study on PSMA PET/CT-guided stereo-
tactic radiotherapy involving 67 patients with
oligometastatic prostate cancer [90]. In this
cohort, 93 PSMA PET/CT-detected oligometa-
static lesions were treated, with a median fol-
low-up of 18.8 months. The median biochemi-
cal progression-free survival was 22.1 months,
and the median time to next intervention was
28.8 months; the median PSA decline reached
68.9%, with 55.2% of patients achieving a
PSA50 response and 43% achieving comple-
te metabolic remission. Multivariate analysis
identified lower initial T stage and longer inter-
val to multidisciplinary treatment decision-mak-
ing as factors associated with improved bio-
chemical progression-free survival. This study
complements previous data derived from
European cohorts and supports the real-world
applicability of PSMA PET/CT-guided stereota-
ctic radiotherapy in oligometastatic prostate
cancer.

Grin et al. investigated the feasibility of an
“early and repetitive” stereotactic radiotherapy
strategy in patients with oligorecurrent pros-
tate cancer. The study included 67 patients
with lymph node recurrence, detected by 8F
or %8Ga-labeled PSMA PET/CT, who did not
receive concurrent ADT, with a median PSA
level of 2.175 ng/mL. All metastatic lesions
were treated with stereotactic radiotherapy,
and 32 patients underwent >1 course of ste-
reotactic radiotherapy, with a maximum of four
treatment courses [91]. The results showed a
median biochemical progression-free survival
of 9.5 months, a median stereotactic radio-
therapy progression-free survival of 19.5 mon-
ths, and a median ADT-free survival of up to
35 months [92]. These findings suggest that
repeated stereotactic radiotherapy strategy
may enable selected patients to defer initia-
tion of ADT for nearly three years. Importantly,
no grade >2 treatment-related toxicities were
observed, indicating a favorable safety profile
in rigorously selected patients with low-burden
lymph node oligorecurrence. From a biological
standpoint, the integration of early and repeat-
ed metastasis-directed interventions supports
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the emerging view that oligorecurrent prostate
cancer may represent a clinically controllable
disease state rather than a uniformly progres-
sive systemic condition [81, 84, 93]. Serial
PSMA PET/CT surveillance facilitates the time-
ly identification of newly emerging metastatic
lesions that may remain amenable to metasta-
sis-directed therapy, thereby enabling an adap-
tive treatment strategy guided by evolving dis-
ease burden [93]. This iterative use of focal
ablative therapy may delay systemic disease
progression and postpone the initiation of sys-
temic ADT [81]. In turn, such an approach may
help reduce the metabolic and cardiovascular
toxicities associated with long-term hormonal
treatment and may reduce the evolutionary
pressure that contributes to the develop-
ment of aggressive castration-resistant pros-
tate cancer (CRPC) [94].

PSMA PET/CT for guiding systemic therapy
selection and efficacy assessment

In mCRPC patients, PSMA PET/CT can be used
to screen patients suitable for PSMA-target-
ed radioligand therapy (e.g., 177Lu-PSMA-617).
Clinical studies suggest that over 90% of pa-
tients may be suitable for this treatment [95].
In routine clinical practice, eligibility assess-
ment is largely guided by quantitative PET met-
rics, with adequate PSMA expression typically
defined as lesion uptake substantially exceed-
ing physiological liver uptake [96, 97]. To fur-
ther refine patient selection, a dual-tracer
imaging paradigm combining PSMA PET/CT
with 18F-FDG PET/CT is increasingly being
adopted [68]. This complementary approach
facilitates the detection of PSMA-negative but
FDG-positive discordant lesions, which are fre-
quently associated with biologically aggressive
tumor subclones, including dedifferentiated or
neuroendocrine-transformed tumor subclones
[98]. Because such lesions often exhibit re-
duced uptake of Y7Lu-PSMA radioligands, their
identification provides important information
on intrapatient spatial heterogeneity and may
help avoid administering PSMA-targeted the-
rapy to patients with limited expected benefit
[99, 100]. Beyond patient selection, PSMA
PET/CT may also provide supportive informa-
tion for predicting response to systemic thera-
pies, including androgen receptor pathway in-
hibitors [95]. Regarding treatment response
assessment, PSMA PET/CT enables early visu-
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alization of metabolic changes. After androgen
deprivation therapy (ADT) or PSMA-targeted
radioligand therapy, reductions in tracer upta-
ke may indicate partial or complete response
[95, 101]. Conversely, increasing or newly em-
erging lesions on PSMA PET/CT may signal dis-
ease progression and prompt timely modifica-
tion of systemic treatment strategies [102].
To improve objectivity in response evaluation,
standardized molecular imaging response fra-
meworks, such as the Response Evaluation
Criteria in PSMA PET/CT (RECIP 1.0) and the
PSMA PET Progression (PPP) criteria, have
been developed [103, 104]. These systems
incorporate quantitative imaging biomarkers,
such as longitudinal changes in total tumor
volume (TTV), as well as the appearance of
new PSMA-avid lesions, thereby enabling more
reproducible assessment of treatment res-
ponse and disease progression [103-105].
Their application is particularly valuable in dif-
ferentiating true disease progression from tran-
sient PSA flare responses, which may occur fol-
lowing initiation of taxane-based chemotherapy
or second-generation hormonal therapies. As a
result, treatment decisions can be guided by
objective imaging evidence rather than short-
term biochemical fluctuations, thereby reduc-
ing the risk of premature discontinuation of
effective therapy [106, 107].

PSMA PET/CT drives the evolution of clinical
decision-making paradigms and facilitates
integrated diagnosis and treatment

PSMA PET/CT enables the transition from
conventional anatomical staging to molecular
imaging-based staging

PSMA PET/CT has driven a paradigm shift in
prostate cancer staging from anatomy-based
imaging to molecular imaging-based staging.
By enabling the detection of micrometastatic
disease frequently missed by conventional
methods (CT/bone scintigraphy), PSMA PET/CT
significantly improves overall staging accuracy.
Consequently, stage migration is commonly
observed, with disease upstaging in approxi-
mately 23.9% of patients and downstaging in
8.9%, leading to corresponding modifications
in treatment strategies [108-110]. The clinical
value of PSMA PET/CT has been increasingly
recognized in authoritative guidelines and is
now recommended for staging patients with
high-risk prostate cancer and BCR [111].
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PSMA PET/CT-based “integrated diagnosis and
treatment”: application of targeted radioligand
therapy

“Integrated diagnosis and treatment” repre-
sents one of the core advantages of PSMA
PET/CT. Diagnostic PSMA PET/CT is used not
only to identify patients eligible for PSMA-tar-
geted radioligand therapy (e.g., 177Lu-PSMA-
617), but also to predict treatment efficacy via
the evaluation of baseline PSMA expression
levels [112]. Post-therapeutic PSMA PET/CT
further enables direct visualization of thera-
peutic response and disease progression
through dynamic changes in tracer uptake,
thereby facilitating precision disease monitor-
ing throughout the treatment course [113-115].
Existing patient selection criteria for PSMA-
targeted radioligand therapy, including fixed
PSMA expression thresholds, have certain li-
mitations. We therefore propose a hypothesis
that quantitative measures of intratumoral
heterogeneity (e.g., the ratio of SUVmax to
SUVmean) and spatial uptake inhomogeneity
within lesions may provide superior predictive
value for treatment response than a single SUV
threshold. From a radiobiological standpoint,
substantial intratumoral heterogeneity implies
the coexistence of highly PSMA-avid tumor
regions alongside poorly differentiated subre-
gions with reduced PSMA expression [66, 67,
116].

Given that B-emitting radionuclides such as
7Lu exert therapeutic effects partly through
cross-fire irradiation of neighboring tumor cells,
marked spatial heterogeneity in tracer uptake
may lead to heterogeneous radiation dose dis-
tribution within individual lesions [117, 118].
Consequently, regions with low PSMA expres-
sion may receive sublethal radiation doses,
allowing survival and subsequent expansion
of resistant tumor subclone that contribute to
disease progression and therapeutic resistan-
ce [66]. Notably, such clinically relevant spatial
heterogeneity is often obscured when tumor
characterization relies exclusively on global
uptake metrics such as SUVmayx, highlighting
the limitations of conventional semiquantita-
tive assessment [103]. Furthermore, in pa-
tients with disease progression after PSMA-
targeted treatment, a decrease or loss of PS-
MA expression on repeat PSMA PET/CT (PSMA-
negative progression) may indicate biological
dedifferentiation, and in such patients, a switch
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to alternative systemic therapies (such as che-
motherapy or immunotherapy) should be con-
sidered. Although this dynamic decision-mak-
ing framework has not yet been incorporated
into guidelines, it represents a promising di-
rection for future clinical translation.

The Phase 3 PSMAfore trial (n = 468) demon-
strated that among taxane-naive patients with
mCRPC, the median overall survival (OS) was
24.48 months in the Y"Lu-PSMA-617 group
versus 23.13 months in the ARPI-switch group
(HR = 0.91, P = 0.20). Notably, the crossover
rate in the ARPI group reached 60.3%, and
after crossover-adjusted analysis, the weighted
HR after crossover adjustment was 0.59, indi-
cating that the apparent survival benefit may
have been underestimated in the unadjusted
analysis. In terms of safety, the incidence of
grade >3 adverse events was lower in the
7Lu-PSMA-617 group than the ARPI-switch
group [119]. These findings support an earlier
positioning of Y7Lu-PSMA-617 in the treatment
sequence of mMCRPC, particularly after progres-
sion on androgen receptor pathway inhibitors.

In addition, a large-scale real-world analysis
from France’s Early Access Program evaluat-
ing "Lu-PSMA-617 between December 2021
and April 2025 included a total of 3,709 pa-
tients with mCRPC [66]. The results of the stu-
dy showed that over time, the enrolled patients
showed a trend toward older age, lower base-
line PSA levels, and a decreasing proportion
of patients with highly PSMA-positive lesions.
Concurrently, treatment patterns evolved, with
fewer patients receiving multiple prior lines of
chemotherapy or androgen receptor pathway
inhibitors. Specifically, the proportion of pa-
tients receiving =2 lines of chemotherapy de-
creased from 65.7% in the earlier cohort to
24.6% in the 2025 cohort, while the propor-
tion receiving >2 androgen receptor pathway
inhibitors declined from 68.1% to 41.9%. These
trends reflect the progressive integration of
7 u-PSMA-617 into earlier treatment lines
and provide complementary evidence to clini-
cal trials by including underrepresented popu-
lations, such as elderly patients, those with
renal impairment, and patients with specific
genomic alterations.

However, approximately 30%-40% of patients
with mCRPC were primarily resistant to *7Lu-
PSMA-617, defined as a PSA decline of less
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than 50% following treatment initiation. The
core mechanisms underlying resistance are
multifactorial [120, 121]: (1) Downregulation
or loss of PSMA expression, known as “PSMA-
negative progression”; approximately 15%-20%
of patients with progressive disease experi-
ence a significant decline in PSMA expression
during treatment, and in such cases, continu
ed PSMA-targeted therapy is no longer effec-
tive; (2) Reactivation of androgen receptor
pathway, whereby tumor cells reactivate the
androgen receptor signaling pathway through
AR-V7 splice variants or androgen receptor
enhancer mutations; (3) Acquired mutations
in DNA damage repair pathways, leading to
increased tolerance to radiation-induced DNA
damage. To address potential mechanisms
underlying resistance to B-emitting radioligand
therapy, including heterogeneous target ex-
pression and insufficient radiation dose deliv-
ery, targeted alpha therapy (TAT) using radio-
nuclides such as ??°Ac-PSMA-617 has emer-
ged as a promising therapeutic strategy [122,
123]. In contrast to B-emitting radionuclides,
o-particles possess a markedly higher linear
energy transfer (LET) and a very short tissue
penetration range (<100 pym), enabling highly
localized energy deposition within tumor cells
[124]. These characteristics lead to the induc-
tion of complex, clustered DNA double-strand
breaks that are challenging to repair, thereby
enhancing cytotoxic potency at the cellular
level [124, 125]. Owing to these distinctive
radiobiological properties, a-emitting radioli-
gand therapies may maintain antitumor acti-
vity in a subset of lesions that demonstrate
reduced sensitivity to *7Lu-based treatment
[122, 126].

From a clinical management perspective, dy-
namic monitoring-based monitoring is essen-
tial. Baseline and follow-up PSMA PET/CT scans
can be used to evaluate changes in PSMA ex-
pression and treatment response. In patients
demonstrating “PSMA-negative progression”, a
timely switch to non-PSMA-targeted systemic
therapies, such as chemotherapy (taxanes or
docetaxel) or immunotherapy based on FDG
PET/CT assessment, is recommended. A re-
cent real-world cohort study published in 2025
analyzed the efficacy of ""Lu-PSMA-617 in
combination with an androgen receptor path-
way inhibitor. This study showed that approxi-
mately 60% of patients received concomitant
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Figure 2. Flowchart of PSMA PET/CT-guided prostate cancer diagnosis and treatment decision-making. For newly
diagnosed high-risk patients, PSMA PET/CT enables stratification of metastatic status, thereby guiding radical treat-
ment (for patients without metastasis) or systemic/targeted therapy (for patients with metastasis). For patients
with biochemical recurrence, PSMA PET/CT results serve as the guidance for subsequent management: a negative
result indicates the need for dynamic monitoring or MRI; a positive result requires further classification into local
recurrence (rescue therapy), oligometastasis (targeted therapy for metastatic lesions), or multiple metastases (sys-
temic therapy). Notes: PSMA, Prostate-specific membrane antigen; PET/CT, positron emission tomography (PET)/
computed tomography (CT); MRI, multiparametric magnetic resonance imaging.

AR pathway inhibition. Compared with patients
not receiving combination therapy, those treat-
ed with the combination demonstrated a hi-
gher PSA50 response rate (65% vs. 49%) and
an improvement in progression-free survival of
approximately 3 months, although the differ-
ence in overall survival was not statistically
significant [127]. In addition, an early-stage
clinical trial investigating the combination of
PARP inhibitors with ¥’Lu-PSMA-617 is ongo-
ing (NCT0O5881850). The biological rationale is
that PARP inhibitors impair DNA repair, thereby
potentiating the lethal effect of PSMA-target-
ed radiotherapy-induced DNA double-strand
breaks, leading to synthetic lethality in tumor
cells with compromised genomic stability.

The core role of PSMA PET/CT in multidisci-
plinary diagnosis and treatment

Due to the high-resolution molecular imaging
information provided by PSMA PET/CT, it is
increasingly regarded a cornerstone of multi-
disciplinary diagnosis and treatment (MDT)-
based decision-making. It facilitates integra-
tion across different disciplines and plays a
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crucial role in the management of complex
clinical scenarios, including differential dia-
gnoses, biopsies guidance, and individualized
treatment planning (selection and/or combina-
tion of surgery, radiotherapy, and systemic ther-
apies) [83, 128]. The application of PSMA PET/
CT has been deeply integrated into contempo-
rary MDT workflows for prostate cancer and
has influenced both clinical guideline develop-
ment and the design of prospective clinical tri-
als [111, 129].

Based on the evidence summarized above, we
propose a comprehensive clinical decision-
making algorithm that incorporates PSMA PET/
CT findings into routine clinical practice, as
illustrated in Figure 2.

Current challenges, limitations, and future
prospects of PSMA PET/CT technology

Technical limitations and interpretation chal-
lenges of current PSMA PET/CT

Currently, PSMA PET/CT technology still faces
certain technical limitations, including false-
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positive results, inconsistent interpretation cri-
teria, and controversies regarding health eco-
nomics. False positive results are mainly ca-
used by PSMA expression in normal tissues
(e.g., salivary glands, kidneys) and benign le-
sions (e.g., inflammation, sarcoidosis [130]). A
study involving 101 patients demonstrated a
false-positive rate of 5% for detecting bone
metastases [131]. A further challenge lies in
the lack of standardized interpretation criteria.
The use of different systems, including EANM,
PROMISE, and PSMA-RADS, may lead to vari-
ability in diagnostic conclusions [131]. Notably,
when PSMA-RADS was used, interobserver
agreement for bone metastasis interpretation
was only 0. moderate (k = 0.495) [131]. The
substantial interobserver variability observed
in skeletal assessment is partly attributable to
nonspecific tracer a range of benign osseous
and neural structures [132-134]. For example,
benign lesions associated with increased bone
turnover, including degenerative osteophytes,
healing fractures, fibrous bone lesions, and ver-
tebral hemangiomas, may demonstrate mild-
to-moderate PSMA uptake due to osteoblastic
activity, inflammatory processes, and associat-
ed neovascularization [132]. In addition, physi-
ological uptake in the dorsal root ganglia re-
presents a well-recognized interpretive pitfall.
Given their anatomical proximity to the verte-
bral foramina, these structures may be mis-
interpreted as adjacent osseous lesions on
PSMA PET imaging, thereby contributing to
diagnostic uncertainty and reduced interob-
server agreement in skeletal assessment [133,
135, 136].

From the perspective of health economics,
the controversy regarding PSMA PET/CT tech-
nology primarily centers on examination costs
and health insurance reimbursement policies.
For example, in Australia, a single PSMA PET/
CT scan costs approximately AUD 1,203, which
is lower than the cost of traditional imaging
examinations (about AUD 1,412), but was his-
torically not covered by health insurance.
Despite this, its superior diagnostic accuracy
demonstrates better overall cost-effectiveness
[39]. In many countries, PSMA PET/CT re-
mains excluded from health insurance cover-
age, which increases the financial burden on
patients. Kunst et al. adopted a combined
approach of decision tree and Markov models
to simulate lifetime health outcomes and me-
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dical costs among 1,000 patients with BCR
(median age: 66 years) [131]. The analysis
showed that a PSMA PET-based strategy yie-
Ided the highest quality-adjusted life years
(QALYs) (7.12 vs. 6.55), but also incurred higher
average costs (451,000 vs. 351,000), result-
ing in an incremental cost-effectiveness ratio
(ICER) of 172,000 per QALY, exceeding the
pre-specified willingness-to-pay threshold of
150,000 per QALY. However, subgroup analysis
demonstrated more favorable cost-effective-
ness in patients with PSA <2 ng/mL, in whom
the ICER dropped to 113,000/QALY, within the
acceptable threshold range [131]. The model
further suggested a potential gain of up to
15,747 QALYs through improved diagnostic
stratification and information acquisition [131].

A recent systematic review (2025-2026) in-
cluding seven health economics evaluations
involving public and private health systems
[148] indicated that PSMA PET/CT is cost-ef-
fective within the willingness-to-pay threshold
across different countries compared to exist-
ing imaging technologies or standard treat-
ment practices. However, the review also em-
phasized substantial heterogeneity across re-
gions due to differences in healthcare re-
source, cost structures, disease prevalence,
and clinical practice patterns. Therefore, PSMA
PET/CT is likely to be most cost-effective in
specific patient subgroups (e.g., patients with
PSA <2 ng/mL, low metastatic burden, or th-
ose suitable for salvage therapy); however, its
universal application in all patients with BCR
remains controversial.

Moreover, the high costs of PET/CT equipment
and radioligand preparation limit the wide-
spread adoption of PSMA PET/CT in primary
medical institutions [111]. It should be noted
that although PSMA is also expressed in the
neovascularization of other solid tumors, such
as renal and liver cancers, the relevant clinical
evidence is largely based on small-scale stud-
ies and is insufficient to support routine clini-
cal application in these malignancies. From a
biological perspective, this off-target uptake
is predominantly attributed not to tumor cell
themselves, but to PSMA (glutamate carboxy-
peptidase 1l, GCPII) expression in tumor-asso-
ciated endothelial cells [137, 138], which is
closely linked to angiogenesis and regulated by
hypoxia-driven pro-angiogenic signaling path-
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ways [139, 140]. Despite these limitations, the
clinical utility of PSMA PET/CT is gradually
expanding with ongoing optimization of inter-
pretation frameworks and reductions in costs.
The introduction of standardized reporting sy-
stems such as the E-PSMA guidelines has im-
proved interobserver consistency [141], while
novel tracers such as *¥F-PSMA-1007 have con-
tributed to reduced examination costs [25]. The
integration of artificial intelligence-based tech-
nology is expected to enhance detection accu-
racy and reduce interobserver variability [27].
With the development of technology, many cur-
rent limitations of PSMA PET/CT are expected
to be progressively mitigated, further expand-
ing its clinical applications [142].

Progress in the development of novel PSMA
tracers

To address the current limitations, the deve-
lopment of novel tracers and the application of
artificial intelligence technologies are driving
this field forward. The novel small-molecule
ligand 8F-PSMA-1007 exhibits a longer half-life
and higher tracer uptake rate, which facilitate
the detection of smaller metastatic lesions. Ina
study involving 195 patients, lesion detection
rates at 2 hours post-injection were significant-
ly higher than those at 1 hour, with improved
identification of pelvic lymph node and bone
metastases [25]. Another tracer, 8F-DCFPyL,
demonstrates high PSMA affinity and rapid
pharmacokinetics, resulting in improved tumor-
to-background contrast and enhanced lesion
conspicuity [26]. More recently, first-in-human
proof-of-concept studies of ¥F-siPSMA-14 were
reported in 2025. This tracer features a simpli-
fied, scalable production process that avoids
the more complex nucleophilic or electrophilic
fluorination steps required for conventional
tracers. Reported dosimetric data indicate an
effective dose of 1.95x102 + 0.25x102 mSv/
MBg, comparable to other ‘8F and %8Ga-labeled
PSMA tracers. In addition, ®F-siPSMA-14 en-
ables high-quality imaging without mandatory
forced diuresis, thereby improving patient
compliance. Dynamic imaging further demon-
strated time-dependent increases in tracer
uptake between 60 and 120 minutes post-
injection, with local lesion SUVmax increasing
from 10.6 to 14.0 for primary lesions (P = 0.01)
and from 17.7 to 20.6 for metastatic lesions (P
=0.01) [143].
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A head-to-head comparative study involving 37
patients with BCR showed comparable detec-
tion rates between 8F-AIF-PSMA-HBED-CC and
18Ga-PSMA-11 (46% vs. 49%) [144]. However,
subgroup analyses revealed site-specific differ-
ences: for bone metastases, 8F-AIF-PSMA-11
yielded a significantly higher SUVmax (8.6 vs.
6.6, P<0.001) along with superior lesion-to-
background contrast, whereas ®®Ga-PSMA-11
showed a slight advantage in SUVmax for lym-
ph node and primary prostatic lesions [144].
From an imaging physics perspective, the su-
perior performance of 8F-labeled tracers in
skeletal imaging can be largely attributable to
the favorable nuclear characteristics of fluo-
rine-18 [145-147]. Compared with %8Ga, *®F
emits positrons with a substantially lower ma-
ximum energy (0.63 MeV versus 1.90 MeV),
resulting in a markedly shorter positron range
in tissue [145, 146]. This reduced positron tra-
vel distance minimizes image blurring before
annihilation and improves the intrinsic spatial
resolution of PET imaging. In the setting of
small skeletal metastases and complex trabe-
cular bone architecture, these characteristics
help mitigate partial-volume effects and en-
hance lesion detectability and contrast recov-
ery [42, 146, 147]. Taken together, these find-
ings suggest that different PSMA tracers may
may have complementary clinical roles rather
than a universal superiority. For example,
18F-labeled tracers may be preferable in pa-
tients with a high burden of bone metastases,
while ®8Ga-based tracers may remain advanta-
geous for certain pelvic lesions requiring opti-
mal soft-tissue delineation.

In terms of dual-target tracers, recent stu-
dies have reported both preclinical and first-in-
human studies of a novel PSMA/fibroblast ac-
tivation protein (FAP) bispecific tracer (labeled
with %8Ga and AI'®F) [148]. FAP is highly ex-
pressed in cancer-associated fibroblasts in
the tumor microenvironment, with possible ex-
pression in PSMA-negative or low-expression
areas (approximately 5%-15% of the tumor vol-
ume) in prostate cancer. Therefore, dual-target
tracers are hypothesized to partially overcome
intratumoral heterogeneity of PSMA expres-
sion. Preclinical data showed that these bispe-
cific tracers exhibit high tumor affinity, pro-
longed intratumoral retention, and significantly
reduced renal uptake. The reduction in physio-
logical renal accumulation has important impli-
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cations for both PSMA-targeted imaging and
radioligand therapy [149-151]. Conventional
monovalent PSMA tracers often exhibit sub-
stantial renal cortical accumulation, which may
obscure lesions located near the renal hilum or
collecting system and simultaneously desig-
nates the kidneys as critical organs at risk in
PSMA-targeted radioligand therapy [149, 150].
By optimizing biodistribution through the incor-
poration of a FAP-targeting moiety, these het-
erobivalent tracers may enhance tumor reten-
tion while reducing renal exposure, thereby
improving the tumor-to-kidney uptake ratio
[152-154]. Collectively, these findings suggest
a potentially favorable dosimetric profile of
PSMA/FAP bispecific tracers, supporting their
potential role in the development of next-gener-
ation theranostic strategies [153, 154].

Application prospects and latest progress of
artificial intelligence in PSMA

PSMA PET/CT technology has significantly
changed the diagnostic and therapeutic path-
way for prostate cancer. In newly diagnosed
high-risk patients, PSMA PET/CT has replaced
conventional CT and bone scintigraphy as the
standard staging tool [155]. In a study involv-
ing 302 patients, PSMA PET/CT technology
resulted in treatment regimen changes in
approximately 28% of patients, with 41 pa-
tients subsequently receiving metastatic-dire-
cted therapy [30]. PSMA PET/CT technology
can detect recurrence in patients with BCR
even at a low PSA level of <0.5 ng/mL, thereby
providing a critical imaging basis for early sal-
vage treatment decision-making [56].

Based on accumulating evidence, the EAU gui-
delines have designated PSMA PET/CT as the
standard staging method for high-risk prostate
cancer, and the National Cancer Comprehen-
sive Network (NCCN) guidelines also support
its use in the evaluation of biochemical recur-
rence. In addition, PSMA PET/CT-guided me-
tastasis-directed treatment for oligometastatic
disease has been incorporated into treatment
guidelines. Despite ongoing debates on costs
and false-positive findings, an increasing nu-
mber of evidence supports the role of PSMA
PET/CT as a standard diagnostic tool. More-
over, PSMA PET/CT contributes to precision
medicine in prostate cancer by enabling pa-
tient stratification based on biological charac-
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teristics (e.g., high PSMA expression), as well
as also by facilitating longitudinal treatment
response assessment and dynamic adjust-
ment of therapeutic strategies throughout the
disease course [156]. PSMA PET/CT technolo-
gy will undoubtedly play an increasingly crucial
role in the diagnosis and treatment of prostate
cancer with continuous technological advance-
ments, providing patients with more precise
and individualized treatment strategies [157].

The application of artificial intelligence im-
proves the diagnostic accuracy of PSMA PET/
CT. Deep learning-based algorithms automati-
cally segment tumor lesions and calculate SUV
values, which reduces human-related mea-
surement errors [27]. In lesion detection tasks,
deep learning algorithms have achieved a
detection rate of 80% for lesions, showing a
detection rate of 93% for lesions with SUVmax
>5.0 [27].

Constantino et al. systematically evaluated the
performance of a deep learning-based maxi-
mum intensity projection (MIP) approach for
automatic segmentation of ®®Ga-PSMA PET/
CT lesions [158]. The study employed a three-
dimensional U-Net architecture and included
whole-body ®8Ga-PSMA PET/CT scans from 355
prostate cancer patients (285 for training,
70 for testing). The results demonstrated that
68Ga-PSMA PET/CT already achieved excellent
lesion detectability under the standard deep
learning algorithm; however, additional enhan-
cement using MIP failed to provide incremen-
tal benefit. In contrast, the application of simi-
lar Al to 8F-FDG PET/CT yielded more pro-
nounced improvements, with the false-positive
detection rate dropping from 12% to 0%, and
the consistency of lesion characteristics im-
proving from an ICC of 0.42-0.94 to 0.80-0.94
[158]. These findings suggest that the inher-
ently high tumor-to-background contrast and
favorable image quality of PSMA PET/CT may
reduce the marginal gain achievable through
additional Al-based enhancement for lesion
segmentation.

Tragardh et al. applied Al to fully automat-
ed lesion detection and quantification in
18F-PSMA-1007 PET/CT [159]. The Al-based
approach achieved sensitivities of 85% for pri-
mary prostate tumors/recurrences, 91% for
lymph node metastases, and 61% for bone
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metastases, compared to 82%, 86%, and 70%,
respectively, for manual interpretation. Corre-
sponding positive predictive values were 85%,
83%, and 58% for Al versus 63%, 86%, and
39% for manual interpretation, respectively.
The reported improvement in positive predic-
tive value for skeletal lesion classification un-
derscores the potential of deep convolutional
neural networks to leverage high-order spatial
and textural features embedded within PET
imaging data [160]. Unlike conventional visual
interpretation, these models integrate multi-
scale imaging features and capture subtle spa-
tial heterogeneity that may not be readily app-
reciable to the human eye. This capability may
contribute to improved differentiation between
true skeletal metastases and benign uptake
associated with degenerative changes, trau-
ma-related remodeling, or other non-neoplastic
bone processes, ultimately reducing false-posi-
tive interpretations [161, 162].

Looking forward, the role of artificial intelli-
gence in PSMA PET imaging is increasingly
extending beyond automated lesion detection
and segmentation toward prognostic assess-
ment and treatment-response prediction [163,
164]. Emerging end-to-end multimodal deep
learning architectures, including Vision Trans-
formers (ViTs), are being trained on longitu-
dinal whole-body PSMA PET/CT datasets to
enable automated quantification of total tumor
volume (TTV) and characterization of disease
distribution patterns [164]. By integrating ra-
diomic signatures of tumor heterogeneity with
complementary clinical biomarkers, such as
PSA doubling time and genomic risk stratifica-
tion, these models have shown potential in
predicting biochemical progression, identifying
patients most likely to benefit from *"’Lu-based
radioligand therapy, and improving risk stra-
tification for long-term clinical outcomes [165].
As these approaches continue to mature and
undergo prospective validation, artificial intelli-
gence is expected to evolve from an image-
analysis tool into a clinically integrated deci-
sion-support component within precision onco-
logy workflows for personalized cancer man-
agement [164].

Application prospects of PSMA PET/CT in other
cancers

Unlike prostate cancer, in which PSMA is high-
ly and homogeneously expressed on the tumor
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cell membrane, PSMA expression in other can-
cers is primarily confined to tumor angiogene-
sis, with lower overall density and greater het-
erogeneity. This biological difference explains
why PSMA PET/CT has become a central tool
in prostate cancer management, whereas its
application in other tumor types remains large-
ly investigational.

Despite the aforementioned biological limita-
tions, emerging evidence suggests its promis-
ing potential in several non-prostatic malignan-
cies, particularly renal cell carcinoma (RCC),
hepatocellular carcinoma (HCC). Among these,
RCC represents one of the most extensively
studied indications. PSMA uptake can be ob-
served in lesions of clear cell RCC, a finding
primarily attributed to PSMA expression in
the endothelial cells of tumor neovasculature
[166]. Nevertheless, interpretation of PSMA
avidity in non-prostatic genitourinary malignan-
cies remains challenging [167, 168]. Physio-
logical tracer accumulation within the renal
cortex, hepatic parenchyma, and, in some
cases, the urinary collecting system may re-
duce lesion conspicuity, resulting in relatively
modest tumor-to-background ratios (TBRs) for
neovasculature-associated uptake [167, 168].
Consequently, accurate lesion characterization
often requires a multiparametric approach that
integrates PET findings with anatomical imag-
ing, semiquantitative parameters, and rele-
vant clinical information. In selected settings,
dynamic imaging and kinetic analysis may pro-
vide additional value in distinguishing tumor-
related uptake from physiological or nonspe-
cific background tracer distribution [31, 169].
A multicenter study (n = 78) showed that PSMA
PET/CT exhibited a notably higher detection
rate for distant metastasis of RCC than CT, and
resulted in changes in treatment strategy in
some patients [170]. A study performed on 40
HCC patients demonstrated that PSMA PET/CT
detected distant metastasis in 20% of patients
and contributed to treatment regimen adjust-
ments in 47.5% of patients [108]. In addition,
PSMA PET/CT can also detect PSMA expres-
sion levels in prostate neuroendocrine tumors
to guide treatment decisions [171, 172].
Although current evidence remains limited and
largely derived from small-scale or retrospec-
tive studies, these findings collectively suggest
that PSMA PET/CT may have broader oncologic
applications beyond prostate cancer.
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Table 2. Summary of key prospective trials and meta-analyses on PSMA PET/CT in prostate cancer

(2024-2025)
Study/Trial Patient population Intervention/comparison Key findings
THUNDER trial High-risk, planned radio- PSMA PET/CT vs conven- Upstaging 24%; radiotherapy changed in

therapy
18F-PSMA-1007 staging High-risk

study

Mazzone meta-analysis BCR after definitive treat-
ment

Post-RT BCR (pre-Phoenix)

van Altena cohort

German multi-center BCR with PSA <0.2 ng/mL

Shekar SBRT study

Ganswindt repeat SBRT Nodal oligorecurrence

PSMAfore (final OS) Taxane-naive mCRPC

French EAP real-world mCRPC

Kunst cost-effective- BCR
ness

Oligometastatic, ADT-naive

tional imaging
18F-PSMA-1007 vs *8F-NaF
PET/CT

PSMA PET/CT detection
rates

PSMA PET/CT before Phoe-
nix criteria

Three PSMA tracers

PSMA-PET-guided SBRT

Early and repetitive SBRT

7L u-PSMA-617 vs ARPI
switch

7L u-PSMA-617 early ac-
cess

PSMA-PET vs conventional

~33%

15% reclassified to metastatic; 20% CT-
occult nodes

Post-RT detection 92%; post-RP detection
60% (PSA-dependent)

76.6% positive, 75.9% local/regional

Overall detection 29.6%; PSA-DT <6 mo
predictor

Median bPFS 22.1 mo; ADT-free survival
not reached

Median ADT-free survival 35 mo; zero
grade >2 toxicity

mOS 24.5 vs 23.1 mo (HR 0.91); cross-
over adjusted HR 0.59

Confirms VISION/PSMAfore benefits;
includes underrepresented subgroups
ICER 172k/QALYoverall; 172k/QALYoverall;
113k/QALY for PSA <2

Note: PET, positron emission tomography; CT, Computed tomography; BCR, Biochemical recurrence; PSA, Prostate-Specific Antigen; ADT, Androgen
Deprivation Therapy; PSA-DT, Prostate-Specific Antigen Doubling Time; mCRPC, Metastatic Castration-Resistant Prostate Cancer; SBRT, Stereotac-

tic Body Radiotherapy; QALY, Quality-Adjusted Life Year; ICER, Incremental Cost-Effectiveness Ratio.

Table 2 summarizes key prospective trials and
meta-analyses published between 2024 and
2025, which form the current evidence base
for PSMA PET/CT in prostate cancer. These
studies collectively confirm its high diagnostic
accuracy, clinical impact on treatment deci-
sions, and an emerging role in therapeutic
medicine, while also highlighting persistent
challenges related to cost-effectiveness and
optimal patient selection.

Conclusion

PSMA PET/CT technology has transitioned
from a research tool to a mainstream clinical
approach, playing an increasingly central role
in the precise staging, recurrence detection,
treatment decision-making, and integrated di-
agnosis and treatment of prostate cancer. This
review systematically integrates existing evi-
dence and proposes new perspectives on the
stratification of the clinical significance of
PSMA-detected micrometastases, dynamic sur-
veillance strategies in patients with negative
imaging findings, the potential refinement of
biologically informed target volume delinea-
tion, and a dynamic treatment decision-making
framework.
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In the future, with the continued advances
in novel tracers, artificial intelligence-assisted
image analysis, and health economics, PSMA
PET/CT is expected to achieve a three-stage
leap from “precision imaging” to “precision
prognosis prediction” and then to “precision
treatment guidance”. Therefore, further pro-
spective studies are warranted to validate the
clinical impact of these emerging strategies
and to facilitate their integration into standar-
dized management pathways, thereby advanc-
ing the progress of personalized diagnosis and
treatment of prostate cancer.
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