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Introduction: Prostate-Specific Membrane Antigen (PSMA) is a transmembrane

glycoprotein initially identified in prostate cancer (PCa) but also expressed in the

neovasculature of various solid tumors. Recently, PSMA PET has emerged as a

promising tool for detecting brain metastases (BMs) from non-prostatic cancers,

offering diagnostic capabilities in addition to conventional imaging. This

systematic review evaluates the role of PSMA-targeted radiopharmaceuticals in

imaging BMs, highlighting their comparative diagnostic performance and

exploring their potential for theranostic applications.

Methods: A systematic review of the literature was conducted following PRISMA

guidelines. Studies evaluating the diagnostic accuracy of PSMA PET imaging in

identifying brain metastases (BMs) from non-prostatic solid tumors were

included. Both full research articles and case reports were considered to

capture the breadth of current evidence. The methodological quality of the

included studies was assessed using the QUADAS-2 tool, and data were

synthesized qualitatively.

Results: The review includes 23 studies reporting on 77 BMs from diverse primary

malignancies, including lung, breast, salivary gland, thyroid, kidney, and

melanoma. PSMA PET demonstrated high tumor-to-background ratios (TBR),

enabling superior detection of BMs compared to conventional imaging

modalities such as contrast-enhanced MRI and [18F]FDG PET. In post-

radiotherapy cases, PSMA PET effectively differentiated radionecrosis from

tumor recurrence. Moreover, PSMA PET demonstrated superior sensitivity in

detecting thyroid metastases compared to traditional scintigraphy methods,

highlighting its potential in cases where standard techniques yield

inconclusive results.
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Conclusions: PSMA PET imaging shows significant promise in improving the

diagnosis and management of BMs from non-prostatic cancers. While its

theranostic applications remain underexplored, initial findings suggest

promising avenues for integrating PSMA PET into personalized neuro-oncology

care. Future studies should focus on standardizing imaging protocols, exploring

PSMA PET utility in diverse tumor subtypes, and validating its role in clinical

decision-making to maximize its impact on patient outcomes.
KEYWORDS

brain metastases, neuro-oncology, non-prostatic solid tumors, Positron-Emission
Tomography, PSMA PET, theranostics
1 Introduction

Prostate-Specific Membrane Antigen (PSMA) is a

transmembrane glycoprotein overexpressed in prostate cancer

(PCa) cells, making it an essential biomarker in oncologic

imaging and targeted therapy (1). Recent advances in PSMA-

targeted imaging, particularly with positron emission tomography

(PET) tracers, have revolutionized diagnostics and staging for PCa.

Tracers such as [68Ga]PSMA-11 and [18F]PSMA-1007 have

demonstrated exceptional sensitivity and specificity, enabling the

detection of early metastases and residual disease, even at low

prostate-specific antigen levels (2, 3).

Beyond prostate cancer, PSMA expression has been observed in

the neovasculature of various non-prostatic solid tumors, including

brain metastases (BMs) (4, 5). Primary cancers such as those of the

breast, lung, skin (melanoma), colon, and kidneys frequently

metastasize to the brain making BMs a leading cause of cancer-

related mortality (6). BMs, which are significantly more common

than primary central nervous system (CNS) tumors, are often

challenging to diagnose and manage due to their location and the

limitations of conventional imaging modalities. Contrast-enhanced

magnetic resonance imaging (CE-MRI) and computed tomography

(CE-CT) are currently the standard imaging techniques for CNS

lesions. Still, they have limitations, such as difficulty distinguishing

radionecrosis from tumor recurrence or reduced utility in patients

with contraindications to contrast agents (6, 7).

PET imaging, particularly with PSMA-targeting tracers, has

emerged as a valuable complementary modality by detecting

functional changes earlier than anatomical changes and providing

whole-body imaging without the restrictions of metallic implants or

renal impairment. Additionally, PSMA tracers exhibit minimal

physiological uptake in the brain, enabling superior target-to-

background ratios (7, 8). [18F]Fluorodeoxyglucose ([18F]FDG)

remains the most widely utilized radiopharmaceutical in

oncology; however, its application in brain imaging is limited due

to high physiological uptake in normal brain tissue, as well as non-

specific uptake in inflammatory and infectious conditions.
02
Alternative tracers, such as [18F]fluoroethyltyrosine ([18F]FET),

[18F]dihydroxyphenylalanine ([18F]DOPA), and [11C]

methionine, have demonstrated superior diagnostic performance

for brain tumors. Despite their advantages, these tracers, like [18F]

FDG, lack the capability for theranostic applications, restricting

their utility to diagnostic purposes alone (8, 9).

The role of PSMA PET imaging in BMs from non-prostatic

tumors is an area of growing interest. The current literature

concerning the employment of PSMA-targeting in non-prostatic

solid tumors BMs is primarily limited to isolated cases or small case

series. Many of these studies have highlighted incidental findings of

BMs that were not detected by conventional imaging,

demonstrating the potential of PSMA-targeted imaging to

influence clinical management (10–12). Although evidence

remains limited, emerging prospective studies are beginning to

validate its diagnostic utility and explore its theranostic

applications in non-prostatic oncology, particularly for

challenging neuro-oncological cases with lesions that are difficult

to treat with conventional methods (13–15).

This review aims to evaluate the potential of PSMA-targeting

radiopharmaceuticals to assess CNS metastases from non-prostatic

cancers. The objective is to synthesize existing literature to explore

the potential of PSMA tracers for theranostic applications, with the

goal of advancing personalized neuro-oncology care.
2 Methods

This systematic review was registered in the PROSPERO

database and conducted according to the Preferred Reporting

Items for Systematic Reviews and Meta-Analyses (PRISMA)

guidelines. We performed a literature search across five major

databases: PubMed, Embase, Scopus, Google Scholar, and the

Cochrane Library, including studies published up until December

2024. The search strategy utilized combinations of MeSH terms and

keywords such as ((“Central Nervous System Neoplasms”[MeSH]

OR “Central Nervous System” OR “Brain Neoplasms”[MeSH] OR
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“Brain Tumors” OR “Brain Metastases”) AND (“Positron-Emission

Tomography”[MeSH] OR “PET”) AND (“Prostate-Specific

Membrane Antigen” OR “PSMA”)). No language restrictions

were applied. In several studies, subsets of patients with BMs

were identified, even though these metastases were not the

primary focus of the research, and case report e case series

were included.

In line with the review’s objective, clinical studies reporting, the

diagnostic accuracy of PSMA-targeting radiopharmaceuticals in

detecting BMs of the CNS were selected, when available.

Abstracts were reviewed by the authors, who independently

decided which studies to include or exclude based on their

relevance to the review’s focus, aiming to minimize potential

selection bias. Any reviewer discrepancies between the reviewers

were resolved through online meeting to reach a consensus.

Duplicate records were removed using Rayyan, an AI-powered

platform for systematic reviews (https://www.rayyan.ai/).
Frontiers in Oncology 03
Quality assessment of included studies was performed using the

Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-

2) tool. This tool evaluates four domains: patient selection, index

test, reference standard, and flow and timing (Table 1); a single

answer “no” response in a domain resulted in high risk of bias.
3 Results

Of the 574 retrieved articles, 211 duplicates were eliminated,

leaving 357 unique records for screening. After reviewing titles and

abstracts, 73 articles were selected for further consideration.

Reference lists of these articles were examined to identify

additional relevant studies, resulting in a final selection of 23

articles that met the inclusion criteria (Figure 1). Full-text

versions were downloaded for all included articles, except of

three. The QUADS-2 results were synthesized in a tabular format
TABLE 1 Bias risk and concerns sources.

Criteria Answer

Domain 1: Patient selection (Risk of Bias)

Was a consecutive or random sample of patients enrolled? Yes/No/Unclear

Was a case-control design avoided? Yes/No/Unclear

Did the study avoid inappropriate exclusions? Yes/No/Unclear

Could the selection of patients have introduced bias? RISK: Low/High/Unclear

Domain 1: Patient selection (Applicability)

Is there concern that the included patients do not match the review question? CONCERN: Low/High/Unclear

Domain 2: Index test (Risk of Bias)

Were the index test results interpreted without knowledge of the results of the reference standard? Yes/No/Unclear

If a threshold was used, was it pre-specified? Yes/No/Unclear

Could the conduct or interpretation of the index test have introduced bias? RISK: Low/High/Unclear

Domain 2: Index test (Applicability)

Is there concern that the index test, its conduct, or interpretation differ from the review question? CONCERN: Low/High/Unclear

Domain 3: Reference standard (Risk of bias)

Is the reference standard likely to correctly classify the target condition? Yes/No/Unclear

Were the reference standard results interpreted without knowledge of the results of the index test? Yes/No/Unclear

Could the reference standard, its conduct, or its interpretation have introduced bias? RISK: Low/High/Unclear

Domain 3: Reference standard (Applicability)

Is there concern that the target condition as defined by the reference standard does not match the review question? CONCERN: Low/High/Unclear

Domain 4: Flow and timing (Risk of bias)

Was there an appropriate interval between index test(s) and reference standard? Yes/No/Unclear

Did all patients receive a reference standard? Yes/No/Unclear

Did patients receive the same reference standard? Yes/No/Unclear

Were all patients included in the analysis? Yes/No/Unclear

Could the patient flow have introduced bias? RISK: Low/High/Unclear
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(Table 2) and visually presented in graphs (Figure 2) to indicate risk

of bias and applicability concerns.

The 23 selected articles include 46 patients with 77 brain

metastases (BMs) originating from various primary malignancies:

lung cancer (23 BMs), breast cancer (17 BMs), salivary gland

tumors (16 BMs), thyroid carcinoma (10 BMs), kidney cancer (8

BMs), and melanoma (3 BMs). Only one was counted in cases

where the number of BMs was unspecified.

Most studies focused on BMs from breast and lung cancers,

with 6/23 articles addressing breast cancer and 5/23 addressing lung

cancer. Similarly, BMs from these two cancer types accounted for a

significant proportion of the total: 17/77 from breast cancer and 22/

77 from lung cancer.

PSMA-targeting radiopharmaceuticals varied across studies.

[68Ga]-labeled PSMA radioligands were used in 60% of cases (14/

23), with [68Ga]PSMA-11 used in 6/23 studies and an unspecified

[68Ga]PSMA tracer in the remaining cases. [18F]-labeled tracers

were used in 31% of cases (7/23), including [18F]PSMA-1007 (5/23)

and [18F]DCFPyL (2/23). Other radiopharmaceuticals included

[89Zr]Df-IAB2M anti-PSMA minibody and [18F]AlF-PSMA-11,

each used in one case (Table 3).
Frontiers in Oncology 04
The diagnostic performance of PSMA PET was compared to

other imaging modalities in most studies: contrast-enhanced MRI

in 74% (17/23), contrast-enhanced CT in 9% (2/23), [18F]FDG

PET/CT in 39% (9/23), and [131I] scintigraphy with therapeutic

activity in 13% (3/23). PSMA PET achieved a 100% detection rate

for all identified BMs except for one lesion, which exhibited

equivocal uptake (SUVmax 0.5). MRI also detected all BMs, while

CT identified BMs in only 1 of 2 cases. Notably, [18F]FDG PET/CT

failed to detect BMs in 12 out of 24 cases. In patients with BMs from

thyroid carcinoma, [131I] scintigraphy identified only 1 of 10

metastases (Table 4).
4 Discussion

PSMA-targeted PET/CT is well-established for restaging PCa

patients after biochemical recurrence, staging high-risk PCa, and

selecting candidates for radioligand therapy (16). The discovery of

PSMA glycoprotein overexpression in the endothelial cells of

neovascularization in various solid tumors has expanded its

potential applications, suggesting that this tracer could also be
FIGURE 1

PRISMA flowchart of research strategy and study selection.
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TABLE 2 Tabular presentation for QUADAS-2 results.

Study RISK OF BIAS APPLICABILITY CONCERNS

PATIENT
SELECTION

INDEX
TEST

REFERENCE
STANDARD

FLOW
AND TIMING

PATIENT
SELECTION

INDEX
TEST

REFERENCE
STANDARD

Study 1

Study 2

Study 3

Study 4

Study 5

Study 6

Study 7

Study 8

Study 9

Study
10

Study
11

Study
12

Study
13

Study
14

Study
15

Study
16

Study
17

Study
18

Study
19

Study
20

Study
21

Study
22

Study
23
F
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Legend: red circle – high risk; yellow circle – intermediate risk; green circle – low risk
Some questions were not applicable to case reports; in such cases, the response was marked as “unclear.”
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useful for evaluating a broader range of malignancies (10–12). Its

capability to provide high tumor-to-background ratios makes it

particularly useful for CNS imaging, where conventional modalities

such as MRI and [18F]FDG PET often encounter limitations. This

review synthesizes existing evidence to assess PSMA diagnostic

utility across various tumor types and its potential integration into

neuro-oncological practice.

The quality of the included studies was assessed using the

QUADAS-2 tool, revealing variability in risk of bias and

applicability concerns. Although case series and case reports

might introduce a potential patient selection bias, they were

included to broaden the scope of the search, as they provide

unique and relevant information not available in systematic

studies. The sensitivity analysis highlighted their significant

impact on the results, confirming their validity and justifying their

inclusion. Nonetheless, the primary aim of this analysis is to

evaluate the proof-of-concept studies available in literature and to

assess the feasibility of PSMA PET imaging in investigating brain

metastases. The index test, PSMA PET, was generally well-

performed, although incomplete reporting of imaging protocols in

some studies resulted in an unclear risk of bias. While the systematic

studies involved two or more independent readers in the analysis of

PET images, this was not the case for the case reports and case series.

This aspect is acknowledged as a limitation of the review, as it could

represent an additional source of bias. No significant differences in

the detection rates, diagnostic accuracy or tumor-to-background

were observed between different PSMA tracers in brain imaging,

indicating that all PSMA tracers could potentially be used in neuro-

oncological imaging. The detection rates with PSMA PET were

found to be comparable to those with contrast-enhanced MRI,

which is currently considered the gold standard for evaluating

BMs (7), but the absence of histopathological confirmation in

certain cases contributed to a moderate risk of bias. In several

cases (17–24), PSMA tracers were able to detect BMs that were not

visible with [18F]FDG PET, leading to changes in patient

management. Compared to [18F]FDG, PSMA PET exhibits

greater diagnostic accuracy, as [18F]FDG shows physiological

uptake in the brain that can interfere with detecting small BMs.

The low physiological background activity of PSMA leads to a high
Frontiers in Oncology 06
TBR, making it an effective tool for both diagnostic and potentially

therapeutic purposes. Although the results of the review suggest that

PSMA PET is more effective than conventional imaging in

evaluating BMs, direct comparisons with contrast-enhanced MRI,

[18F]FDG PET, or CT are not available for every individual study,

thus representing a limitation. Additionally, incomplete follow-up

or lack of clarity in the timing between the index test and reference

standard led to an unclear risk of bias in several studies. These

findings emphasize the need for standardized methodologies and

prospective studies to validate the diagnostic accuracy of PSMA PET

in detecting brain metastases. Ongoing clinical trials are exploring

the use of PSMA tracers for both diagnostic and theranostic

applications in malignant brain tumors (ClinicalTrials.gov ID:

NCT05798273, NCT06241391, NCT06209567). PSMA-targeted

radioligands, when paired with alpha- or beta-emitting

radionuclides, have shown promise in the treatment of advanced

metastatic prostate cancer (25), suggesting that similar therapies

could be beneficial for brain metastases, which are often associated

with neovascularization and PSMA overexpression.
4.1 Tumor-specific insights

4.1.1 Lung cancer
PSMA PET has demonstrated a high degree of tracer uptake in

brain metastatic lesions compared to primary tumors, suggesting

that lung cancer metastases may exhibit unique PSMA expression

profiles. Matsuda et al. (26) described a case of lung cancer where

[89Zr]DfIAB2M (anti-PSMA minibody that binds the extracellular

domain of PSMA) PET/CT revealed high heterogeneous PSMA

uptake in a brain lesion detected by CE-MRI, with no significant

uptake in healthy brain tissue. Immunohistochemistry showed

moderate PSMA expression in the regions corresponding to areas

with high or moderate uptake on the PSMA PET scan. Similarly, Pei

et al. (27) documented a study involving seven lung cancer patients

(six Non-Small Cell Lung Cancer and one Small Cell Lung Cancer)

with BMs. They found significantly higher [68Ga]PSMA-11 uptake

in the metastases than in the primary lung cancers: SUVmax of

primary lung cancer ranged from 1.8 to 5.6, while in the BMs they
FIGURE 2

Graphical display for QUADAS-2 results.
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ranged from 5.6 to 13.8 (P < 0.01). On average, the SUVmax in

metastases was 1.76 times higher than in the liver (T/L ratio),

suggesting the potential for PSMA RLT to detect metastatic sites.

Lattuada et al. (28) presented findings on the use of [68Ga]PSMA

PET/CT to differentiate BMs from lung from RN. The study

analyzed 37 lesions, of which 15 were BMs (mean SUVmax of

7.62; 95% CI 5.10 - 10.15) and 22 were RN (mean SUVmax 4.05;
Frontiers in Oncology 07
95% CI 2.98 - 5.12), with a statistically significant difference. The

mean SUVpeak for the BMs group was 3.71 (95% CI 2.40 - 5.01),

while for the RN group it was 2.09 (95% CI 1.57 - 2.61), with a

statistically significant difference. The conclusion highlighted a

significant difference in PSMA radioligand between BMs and

RN, supporting the potential of [68Ga]PSMA PET/CT for

distinguishing these two conditions.
TABLE 3 Summary of article publication year, number of patients and lesions, type of primary tumor, population characteristics, radiopharmaceutical
used and co-registration imaging modality.

Authors Year N
° patient

N
° lesion

Primary
tumors

Age
(Years)

Sex Radiopharmaceutical Hybrid
Imaging

Rowe et al. (32) 2015 1 1 Kidney 61 M [18F]DCFPyL PET/CT

Taywade
et al. (17)

2016 1 5 Thyroid 50 M [68Ga]PSMA-11 PET/CT

Medina- Ornelas
et al. (30)

2017 1 1 Breast 45 F [68Ga]PSMA* PET/CT

Matsuda
et al. (26)

2018 1 1 Lung 54 M [89Zr]Df-IAB2M
anti-PSMA Mb

PET/MRI

Malik et al. (18) 2018 1 1 Breast 37 F [68Ga]PSMA* PET/CT

Raveenthiran
et al. (33)

2019 1 1 Kidney N.A. N.A. [68Ga]PSMA-11 PET/CT

Filizoglu
et al. (34)

2019 1 3 Kidney 43 M [68Ga]PSMA* PET/CT

Yin et al. (35) 2019 1 3 Kidney 58 M [18F]DCFPyL PET/CT

Marafi et al. (19) 2020 1 3 Breast 64 F [18F]PSMA-1007 PET/CT

Hod et al. (37) 2020 1 1 Melanoma 76 M [68Ga]PSMA* PET/CT

van Boxtel
et al. (40)

2020 1 13 Salivary Glands N.A. N.A. [68Ga]PSMA-11 PET/CT

Pitaula-Cortes
et al. (36)

2021 2 3 Thyroid 52-63 F [68Ga]PSMA-11 PET/CT

Arslan et al. (20) 2021 1 1 Breast 47 F [68Ga]PSMA-11 PET/CT

Datta Gupta
et al. (21)

2021 1 1 Salivary Glands 45 F [68Ga]PSMA* PET/CT

Mehdi et al. (38) 2022 1 N.A. Melanoma N.A. N.A. [18F]PSMA-1007 PET/CT

Pei et al. (27) 2023 7 N.A. Lung 43-76 M [68Ga]PSMA-11 PET/CT

Lattuada
et al. (28)

2023 11 15 Lung N.A N.A [68Ga]PSMA* PET/CT

Dall’Armellina
et al. (29)

2023 1 2 Lung 78 M [18F]PSMA-1007 PET/CT

Shamim
et al. (22)

2023 2 2 Salivary Glands N.A. N.A. [68Ga]PSMA-11 PET/CT

Andryszak
et al. (23)

2024 1 10 Breast 48 F [18F]PSMA-1007 PET/CT

Pruis et al. (31) 2024 1
4

1
4

Breast
Lung

63
57-70

F
M

[68Ga]PSMA-11 PET/MRI

Van den Broeck
et al. (24)

2024 2 2 Thyroid 75
59

M
F

[18F]AlF-PSMA-11 PET/CT

Mendanha
et al. (39)

2024 1 N.A. Melanoma 50 M [18F]PSMA-1007 PET/CT
*Unspecified type of radiopharmaceutical.
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TABLE 4 Imaging analyses and detection rate of PSMA imaging compared to other imaging techniques and main findings.

Authors PSMA
Analysis

Comparison Detection Rate
(PSMA
vs.
Comparison)

Main Findings

Rowe
et al. (32)

Visual CE-MRI 100% vs 100% Intense [18F]DCFPyL uptake (SUVmax 3.9) in a BM previously identified by CE-MRI.

Taywade
et al. (17)

Visual [131I] Scan
[18]FDG
PET/CT

100% vs 0%
100% vs 20%

Intense [68Ga]PSMA uptake in 5 BMs,
With a negative [131I] scan. [18F]FDG PET/CT identified only one.

Medina-
Ornelas
et al. (30)

Visual CE-MRI 100% vs 100% Intense [68Ga]PSMA uptake in a BM progression, found by CE-MRI, confirmed by biopsy.
No significant PSMA uptake in other treated BM.

Matsuda
et al. (26)

Visual CE-MRI 100% vs 100% Heterogeneous, high [89Zr]-Df-IAB2M PET uptake in a BM, confirmed by biopsy and no
significant uptake in healthy brain tissue.

Malik
et al. (18)

Visual [18]FDG
PET/CT

100% vs 0% Intense [68Ga]PSMA uptake in a BM that doesn’t have [18]FDG uptake.

Raveenthiran
et al. (33)

Visual CE-CT 100% vs 0% Intense [68Ga]PSMA uptake in a BM, later confirmed by histopathology.

Filizoglu
et al. (34)

Visual CE-MRI 100% vs 100% [68Ga]PSMA PET/CT differentiated between RN and progression in BMs, guiding
subsequent therapy and confirming disease regression.

Yin et al. (35) Visual
SUVmax

CE-MRI 66% vs 100% Intense [18F]DCFPyL uptake (SUVmax 3-6) in 2 BMs, equivocal uptake (SUVmax = 0.5)
in 1.

Marafi
et al. (19)

Visual CE-MRI
[18]FDG
PET/CT

100% vs 100%
100% vs 33%

Intense [18F]PSMA in a BM with a mild [18F]FDG uptake and no uptake in normal brain
parenchyma or in the post-radiation areas. [18F]PSMA PET/CT detected 2 BMs confirmed
by CE-MRI, but [18F]FDG negative.

Hod
et al. (37)

Visual CE-MRI
CE-CT

100% vs 100%
100% vs 100%

Intense [68Ga]PSMA uptake in BM, misinterpreted as nonspecific gliosis on CE-MRI.
Follow-up CE-CT, CE-MRI and biopsy later confirmed the lesion.

van Boxtel
et al. (40)

Visual
SUVmax

CE-MRI 100% vs 100% Homogeneous intense [68Ga]PSMA uptake in BMs (SUVmax of 2.84 ± 3.6).

Pitaula-Cortes
et al. (36)

Visual
SUVmax
TBR

[131I] Scan 100% vs 33% Higher [68Ga]PSMA uptake in BMs (SUVmax 70.5) than other locations. [131I] scan
identified in 1/3 BMs.

Arslan
et al. (20)

Visual CE-MRI
[18]FDG
PET/CT

100% vs 100%
100% vs 100%

Intense [68Ga]PSMA uptake in a recurrent BM in CE-MRI, confirmed by biopsy, with low
[18F]FDG uptake.

Datta Gupta
et al. (21)

Visual CE-MRI
[18]FDG
PET/CT

100% vs 100%
100% vs 0%

Intense [68Ga]PSMA uptake in a BM, [18F]FDG negative, confirmed by CE-MRI.

Mehdi
et al. (38)

Visual
SUVmax
TBR

CE-MRI 100% vs 100% Mild [18F]PSMA uptake in BMs, revealed by CE-MRI, but high TBR (pilot
study ongoing).

Pei et al. (27) Visual
SUVmax
T/L ratio

CE-MRI 100% vs 100% Intense [68Ga]PSMA uptake in BMs (SUVmax 6-14) compared to primary cancer
(SUVmax 2-6) p < 0.01. T/L ratio of 1.76.

Lattuada
et al. (28)

Visual
SUVmax
SUVpeak

CE-MRI 100% vs 100% Significant difference between BMs and RN uptake on [68Ga]PSMA PET/CT: BMs
SUVmax of 7.62 vs 4.05 of RN (p=0.013); BMs SUVpeak 3.71 vs 2.09 of RN (p=0.013).

Dall’Armellina
et al. (29)

Visual CE-MRI 100% vs 100% Intense [18F]PSMA uptake in BMs; no significant activity in the surrounding CE-MRI-
detected edema.

Shamim
et al. (22)

Visual
SUVmax

[18]FDG
PET/CT

100% vs 0% [68Ga]PSMA uptake in a BM (SUVmax 1.8 ± 0.3), [18]FDG negative.

(Continued)
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Dall’Armellina et al. (29) reported a case of a patient with a

synchronous diagnosis of high-risk PCa and Non-Small Cell Lung

Cancer. A [18F]PSMA-1007 PET/CT scan revealed two areas of

abnormal uptake in the brain, located in the left frontal and

temporal lobes. Intense, focal tracer uptake was observed

exclusively in the brain lesions, while the surrounding edema,

visible on MRI, showed no significant activity. However, there is

a significant difference in the biological characteristics between

small cell lung cancer and non-small cell lung cancer, particularly

regarding aggressiveness and the tendency to metastasize.

Currently, the available data on the use of PSMA PET in these

two subtypes is limited, making it necessary to develop specific trials

to better understand the differences in PSMA expressions both in

the primary tumor and in metastases, as well as its potential clinical

impact in each of these neoplasms.

4.1.2 Breast cancer
Medina-Ornelas et al. (30) presented a case report of a woman

with HER-2neu positive breast carcinoma, initially treated with

neoadjuvant chemotherapy and radical mastectomy for infiltrating

ductal carcinoma (T2N1M0), who developed neurological

symptoms four months later. MRI revealed two brain lesions, and

further radiotherapy and chemotherapy were administered. Despite

treatment, a [68Ga]PSMA PET/CT revealed intense uptake in one

BM, confirmed to have progressed via CE-MRI and biopsy. No

significant PSMA uptake was found at the site of the additional

previously treated and healed BM. Malik et al. (18) and Marafi et al.

(19) demonstrated the effectiveness of PSMA-targeted PET/CT in

detecting breast cancer BMs during restaging, particularly in cases

where [18F]FDG PET/CT showed minimal or no uptake. In

contrast, PSMA PET/CT successfully highlighted active BMs,

emphasizing its utility in identifying lesions traditional FDG-

based scans might miss. Furthermore, in Marafi et al. case (19), a

woman with triple-negative breast cancer who had undergone

gamma knife radiotherapy for a BM was later evaluated with both

[18F]FDG and [18F]PSMA-1007 PET/CT. While the [18F]FDG

PET/CT scan showed uptake in both the normal brain parenchyma
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and the post-radiation areas, [18F]PSMA-1007 PET/CT did not

exhibit uptake in these regions. This finding highlights its usefulness

in distinguishing recurrence from RN in post-treatment

evaluations. Arslan et al. (20) presented another case of a woman

with triple-negative breast cancer. Thirteen months after initial

treatment, a recurrence of BMs showed high PSMA uptake but only

mild FDG uptake. In a prospective study by Andryszak et al. (23),

[18F]PSMA-1007 PET/CT identified ten small BMs in a patient

with triple-negative breast cancer undergoing palliative

chemotherapy, which were [18F]FDG negative but later

confirmed by MRI. The lesions were 4-7 mm in diameter, with a

PSMA SUVmax of 5.9 and a TBR of 59. Pruis et al.’s prospective

study (31) involved five patients with BMs, one from breast cancer

and four from lung cancer, using PET/CT following both super-

selective intra-arterial (ssIA) and intravenous (IV) administration.

In all patients, [68Ga]PSMA-11 uptake in the brain corresponded to

areas of contrast enhancement seen on MRI. In the breast cancer

patient, the BM identified during staging showed an SUVmax of 13

after IV administration compared to 215 following ssIA, with a

tumor-to-background ratio (TBR) of 1311 versus 10152. For the

three lung cancer patients in restaging, BMs detected showed

SUVmax values ranging from 12 to 17 with IV administration

and from 128 to 288 with ssIA, along with TBR values of 1196-1705

(IV) versus 2096-12880 (ssIA). In conclusion, ssIA administration

led to a 15-fold higher tumor uptake than IV administration, with

negligible uptake in healthy brain tissue, potentially expanding the

number of patients eligible for radioligand therapy (RLT).

4.1.3 Renal cancer
Numerous cases of significant PSMA tracer uptake from renal

tumors have also been observed in BMs. Rowe et al. (32) studied five

patients with renal cell carcinoma using [18F]DCFPyL PET/CT and

CE-MRI, identifying one patient with BMs. This patient had

previously undergone a nephrectomy and was diagnosed with

clear cell renal cell carcinoma, without any prior systemic

therapy. A CE-MRI revealed a brain lesion in the left frontal lobe,

which showed intense [18F]DCFPyL uptake, with an SUVmax of
TABLE 4 Continued

Authors PSMA
Analysis

Comparison Detection Rate
(PSMA
vs.
Comparison)

Main Findings

Andryszak
et al. (23)

Visual
SUVmax
TBR

[18]FDG
PET/CT

100% vs 0% Intense [18F]PSMA uptake (SUVmax of 6 and TBR 59) in a BM, that doesn’t have [18]
FDG uptake.

Pruis
et al. (31)

Visual
SUVmax
TBRmax

CE-MRI 100% vs 100% Intense [68Ga]PSMA uptake in BMs: SUVmax 12-17 (TBR 478-1705) after IV and 128-
337 (TBR 10152-30191) after ssIA administration. ssIA led to 15fold higher tumor uptake
compared to IV, with no uptake in healthy brain tissue.

Van den
Broeck
et al. (24)

Visual CE-MRI
[18]FDG PET/
CT
[131I] Scan

100% vs 100%
100% vs 0%
100% vs 0%

Intense [18F]AlF-PSMA uptake (SUVmax 4-8, MTV 0.44-3.76 ml) in BMs, [18F]FDG and
[131I] negative.

Mendanha
et al. (39)

Visual CE-MRI
[18]FDG
PET/CT

100% vs 100%
100% vs 100%

Higher [18F]PSMA uptake than [18F]FDG PET/CT in BMs, revealed by CE-MRI
(SUVmax 8-11).
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3.9. Similarly, Raveenthiran et al. (33) identified unknown BMs in a

patient with clear cell renal cell carcinoma through [68Ga]PSMA-

11 PET/CT. The presence of the BM was later confirmed via

histopathology, leading to a modification in the patient’s

treatment plan. Filizoglu et al. (34) reported the case of a patient

with a history of clear cell renal cell carcinoma who developed two

BMs and was treated with stereotactic surgery and whole-brain

irradiation alongside concurrent nivolumab. During follow-up, CE-

MRI suggested possible RN after the stereotactic radiosurgery, but

[68Ga]PSMA PET/CT revealed disease progression instead. After

further brain therapy, [68Ga]PSMA PET/CT indicated disease

regression, consistent with the CE-MRI findings. Yin et al. (35)

explored the application of [18F]DCFPyL PET/CT in patients with

metastatic non-clear cell renal cell carcinoma, identifying one

patient with three BMs. In this case, the median SUVmax ranged

from 0.5 to 6.2, with two lesions showing significant uptake

(SUVmax 3.4 and 6.2) and one displaying equivocal uptake

(SUVmax 0.5). The authors noted that it remains unclear whether

some lesions with equivocal uptake may reflect the effects of

previous treatments.

4.1.4 Thyroid cancer
Radioiodine-refractory thyroid cancer remains a diagnostic

challenge, with conventional [131I] scintigraphy often failing to

detect BMs. In this context, PSMA PET has demonstrated superior

sensitivity in this context, particularly in identifying metastases with

low iodine uptake. Taywade et al. (17) presented a patient who

underwent total thyroidectomy, left neck dissection, and

subsequent [131I] therapy for cervical lymph node recurrence.

Following an increase in thyroglobulin levels and a negative

[131I] scan, the patient was evaluated using both [68Ga]PSMA-

11 and [18F]FDG PET/CT. The PSMA scan detected five BMs,

while the FDG scan identified only one. Pitaula-Cortes et al. (36)

conducted a retrospective study comparing [68Ga]PSMA-11 PET/

CT and post-therapeutic [131I] whole-body scans with

complementary SPECT/CT in 10 patients with well-differentiated

metastatic thyroid cancer. Among these patients, three BMs from

papillary thyroid carcinoma were identified in two patients. All BMs

showed PSMA avidity, while only one had significant [131I] uptake.

Notably, the highest PSMA uptake among all disease sites was in the

BMs (SUVmax 70.5, with a TBR of 74). In a prospective study, Van

den Broeck et al. (24) evaluated the potential application of [18F]

AlF-PSMA-11 in patients with radioiodine-refractory thyroid

carcinoma. Out of 8 patients, 2 had single BMs, each showing

[18F]AlF-PSMA-11 uptake. Neither metastasis showed uptake with

[18F]FDG.

4.1.5 Melanoma
A few reports have highlighted cases of melanoma BMs

exhibiting PSMA uptake. One case report by Hod et al. (37)

describes a patient who underwent [68Ga]PSMA PET/CT for

PCa, which unexpectedly revealed brain uptake at the site of a

previously treated melanoma metastasis. Initially, the finding was

deemed nonspecific and misinterpreted as gliosis resulting from

surgery and radiation on CE-MRI. However, six months later,
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follow-up CE-CT and MRI scans confirmed a recurrence at the

same location, which was subsequently histopathologically

validated. A pilot study by Mehdi et al. (38) explored the

feasibility and utility of [18F]PSMA-1007 PET/CT in managing

brain tumors, including a case of multiple melanoma BMs that

exhibited mild [18F]PSMA-1007 uptake while still showing a high

TBR. Additionally, a case report by Mendanha et al. (39) detailed a

patient with acral melanoma who had undergone amputation and

later developed multiple BMs. A subsequent [18F]PSMA-1007

PET/CT scan demonstrated high uptake in all BMs (SUVmax

ranging from 8 to 11), which had only mild uptake on [18F]FDG

PET/CT.

4.1.6 Salivary gland cancer
BMs originating from salivary gland tumors have also shown

significant uptake of PSMA-targeting tracers. In a prospective study

by Van Boxtel et al. (40), a [68Ga]PSMA-11 PET/CT scan was

performed on 25 patients with salivary gland cancer. One patient

with salivary duct carcinoma, who had not received androgen

deprivation therapy, was found to have 13 BMs on CE-MRI, all

demonstrating homogeneous PSMA uptake (SUVmax 2.84 ± 3.6).

Datta Gupta et al. (21) reported a case involving a BM from adenoid

cystic carcinoma of the right parotid gland. The patient had

previously undergone surgery, local radiotherapy, and

chemotherapy. While an [18F]FDG PET/CT scan did not reveal

any abnormal tracer accumulation in the brain, a [68Ga]PSMA

PET/CT scan indicated focal uptake in the right cerebellum, later

confirmed by CE-MRI as BM. Lastly, Shamim et al. (22)

documented two additional cases of BM from adenoid cystic

carcinoma exhibiting [68Ga]PSMA-11 uptake (SUVmax 1.8 ±

0.3), which was not visible on [18F]FDG PET/CT in a

prospective study.
4.2 Potential for theranostics

While existing studies’ primary focus has been diagnostic

applications, PSMA stands out as an excellent target for

radioligand therapy, demonstrating significant potential for

theranostic use. Radiopharmaceuticals paired with therapeutic

radionuclides, such as lutetium-177 or actinium-225, offer a dual

diagnostic and therapeutic approach. Preliminary studies and case

reports have demonstrated mixed results regarding the use of

PSMA-based radiopharmaceuticals in therapy for non-prostatic

cancers, including brain tumors (13–15, 41–43). One clinical trial

is currently investigating the dosimetry and immunohistochemistry

of PSMA radiolabeled agents as potential therapeutic targets in

glioma treatment (NCT05263466). Additionally, a Phase I/II

clinical trial (ClinicalTrials.gov ID: NCT05278208) is assessing

the effectiveness of [177Lu]Lu-DOTATATE for treating recurrent

or progressive high-grade CNS tumors.

The use of PSMA as a treatment for non-prostatic cancers is still

in the exploratory phase, and its potential benefits have yet to be

clearly defined for each type of neoplasm. Current studies

employing these tracers in the neuro-oncological field primarily
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focus on primary tumors, particularly in gliomas, overlooking brain

metastases originating from non-prostatic neoplasms. These

investigations must first face and overcome the challenge of

demonstrating a positive response in primary brain tumors,

thereby paving the way for a broader indication of these therapies

in the treatment of non-prostatic brain metastases. Expanding

theranostic applications to non-prostatic tumors has the potential

to revolutionize the treatment landscape, particularly in neuro-

oncology. However further clinical research is needed to explore the

therapeutic potential and dosimetric considerations in greater detail

to optimize the management of brain metastases. It is also critical to

better understand radiotoxicity and the effects of irradiation on

surrounding brain tissue to ensure the safety and efficacy of

these treatments.
4.3 Challenges

Despite its promise, PSMA PET imaging faces several

limitations. Tumor-specific variability in PSMA expression may

result in inconsistent uptake patterns, necessitating validation

through larger, multicenter studies. We believe that PSMA PET

could serve as a complementary tool in neuro-oncological

workflows, particularly in cases where contrast-enhanced MRI as

the current standard for evaluating brain metastases, yields

inconclusive results. This approach would enable the assessment

of intertumoral heterogeneity in PSMA expression across different

tumor histotypes, helping to determine its clinical applicability on a

case-by-case basis. False positives, such as uptake in inflammatory

conditions, and false negatives in small lesions below spatial

resolution, highlight the need for complementary imaging

modalities (44). Additionally, logistical barriers, such as limited

availability of PSMA-targeted tracers and their production

requirements, may restrict widespread clinical adoption (45, 46).

To expand the clinical indications of PSMA PET beyond prostate

cancer, it would be essential to establish a network of PET centers

dedicated to its use. Such an infrastructure would not only enable

the collection of larger, multicenter patient cohorts for research but

also facilitate the integration of PSMA PET into other fields,

including neuro-oncology.
4.4 Future directions

Early studies have shown promising results for using PSMA-

based radioligand therapy (RLT) in treating non-prostatic solid

tumors. However, prospective clinical trials with larger patient

cohorts are essential to fully explore its applicability and efficacy

in neuro-oncology. Further studies are also needed to confirm the

role of PSMA-targeted imaging for other solid tumors and assess its

impact on treatment outcomes, particularly in brain metastases.

PSMA-guided imaging could also play a crucial role in assessing

responses to treatments, especially radiotherapy. In several cases,

PSMA imaging has demonstrated the ability to differentiate

between radiation necrosis and the persistence or recurrence of
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disease, suggesting its potential as a valuable tool in monitoring

therapeutic outcomes (19, 28, 34). Additionally, PET with PSMA

tracers could be used in neuro-oncology to guide and optimize

radiotherapy administration, improving the accuracy of treatment

and the precision of tumor localization.
5 Conclusions

PSMA-targeted tracers have shown great potential in imaging

brain metastases from non-prostatic solid tumors. However, further

clinical studies are essential to confirm their efficacy and optimize

their use in neuro-oncology. Comparative evaluations with current

reference imaging methods and the establishment of clinical

recommendations will be crucial for integrating PSMA PET into

routine neuro-oncological care.
Data availability statement

The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be

directed to the corresponding author.
Author contributions

SD’A: Writing – original draft, Writing – review & editing,

Conceptualization, Data curation, Formal Analysis. GAg: Writing –

original draft, Writing – review & editing, Methodology, Resources.

AR: Writing – review & editing, Data curation. SF: Writing – review

& editing, Validation. GAr: Writing – review & editing. LF: Writing –

review & editing, Methodology, Supervision. DC: Writing – review &

editing, Supervision. EN: Writing – review & editing, Supervision.

DV: Writing – review & editing, Investigation, Methodology. SM:

Writing – review & editing, Investigation, Methodology.
Funding

The author(s) declare that no financial support was received for

the research and/or publication of this article.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
frontiersin.org

https://doi.org/10.3389/fonc.2025.1553505
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Dall’ Armellina et al. 10.3389/fonc.2025.1553505
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated
Frontiers in Oncology 12
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Troyer JK, Beckett ML, Wright GL. Detection and characterization of the
prostate-specific membrane antigen (PSMA) in tissue extracts and body fluids. Int J
Cancer. (1995) 62:552–8. doi: 10.1002/ijc.2910620511

2. Cornford P, van den Bergh RCN, Briers E, Van den Broeck T, Brunckhorst O,
Darraugh J, et al. EAU-EANM-ESTRO-ESUR-ISUP-SIOG guidelines on prostate
cancer—2024 update. Part I: screening, diagnosis, and local treatment with curative
intent. Eur Urology. (2024) 86:148–63. doi: 10.1016/j.eururo.2024.03.027

3. Bauckneht M, Checcucci E, Cisero E, Rizzo A, Racca M, De Cillis S, et al. The
prognostic role of next-generation imaging-driven upstaging in newly diagnosed
prostate cancer patients. Eur J Nucl Med Mol Imaging. (2024) 51:864–70.
doi: 10.1007/s00259-023-06490-z

4. Israeli RS, Powell CT, Fair WR, Heston WD. Molecular cloning of a
complementary DNA encoding a prostate-specific membrane antigen. Cancer Res.
(1993) 53:227–30.

5. Chang SS, O’Keefe DS, Bacich DJ, Reuter VE, Heston WD, Gaudin PB. Prostate-
specific membrane antigen is produced in tumor-associated neovasculature. Clin
Cancer Res. (1999) 5:2674–81.

6. Segi CM ed. Anatomic Pathology Division, Children’s Hospital of Eastern
Ontario, ON, Canada. Milan: Exon Publications (2022). Available at: https://
exonpublications.com/index.php/exon/issue/view/metastasis (Accessed December 20,
2024).

7. Le Rhun E, Guckenberger M, Smits M, Dummer R, Bachelot T, Sahm F, et al.
EANO-ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up of
patients with brain metastasis from solid tumours. Ann Oncol. (2021) 32:1332–47.
doi: 10.1016/j.annonc.2021.07.016

8. Lapa C, Linsenmann T, Monoranu CM, Samnick S, Buck AK, Bluemel C, et al.
Comparison of the amino acid tracers 18F-FET and 18F-DOPA in high-grade glioma
patients. J Nucl Med. (2014) 55:1611–6. doi: 10.2967/jnumed.114.140608

9. Galldiks N, Langen KJ, Albert NL, Law I, Kim MM, Villanueva-Meyer JE, et al.
Investigational PET tracers in neuro-oncology-What’s on the horizon? A report of the
PET/RANO group. Neuro Oncol. (2022) 24:1815–26. doi: 10.1093/neuonc/noac131

10. Rizzo A, Dall’Armellina S, Pizzuto DA, Perotti G, Zagaria L, Lanni V, et al.
PSMA radioligand uptake as a biomarker of neoangiogenesis in solid tumours:
diagnostic or theragnostic factor? Cancers (Basel). (2022) 14:4039. doi: 10.3390/
cancers14164039

11. Bertagna F, Albano D, Cerudelli E, Gazzilli M, Giubbini R, Treglia G. Potential of
radiolabeled PSMA PET/CT or PET/MRI diagnostic procedures in gliomas/glioblastomas.
Curr Radiopharm. (2020) 13:94–8. doi: 10.2174/1874471012666191017093721

12. Miceli A, Liberini V, Pepe G, Dondi F, Vento A, Jonghi Lavarini L, et al. Prostate-
specific membrane antigen positron emission tomography oncological applications
beyond prostate cancer in comparison to other radiopharmaceuticals. Diagnostics
(Basel). (2024) 14:1002. doi: 10.3390/diagnostics14101002

13. Uijen MJM, Derks YHW, Merkx RIJ, Schilham MGM, Roosen J, Privé BM, et al.
PSMA radioligand therapy for solid tumors other than prostate cancer: background,
opportunities, challenges, and first clinical reports. Eur J Nucl Med Mol Imaging. (2021)
48:4350–68. doi: 10.1007/s00259-021-05433-w

14. Graef J, Bluemel S, Brenner W, Amthauer H, Truckenmueller P, Kaul D, et al.
177Lu]Lu-PSMA therapy as an individual treatment approach for patients with high-
grade glioma: dosimetry results and critical statement. J Nucl Med. (2023) 64:892–5.
doi: 10.2967/jnumed.122.264850

15. Wang JH, Kiess AP. PSMA-targeted therapy for non-prostate cancers. Front
Oncol. (2023) 13:1220586. doi: 10.3389/fonc.2023.1220586

16. Adnan A, Basu S. PSMA receptor-based PET-CT: the basics and current status in
clinical and research applications. Diagnostics. (2023) 13:158. doi: 10.3390/
diagnostics13010158

17. Taywade SK, Damle NA, Bal C. PSMA expression in papillary thyroid
carcinoma: opening a new horizon in management of thyroid cancer? Clin Nucl
Med. (2016) 41:e263–265. doi: 10.1097/RLU.0000000000001148

18. Malik D, Kumar R, Mittal BR, Singh H, Bhattacharya A, Singh SK. 68Ga-labeled
PSMA uptake in nonprostatic Malignancies: has the time come to remove “PS” From
PSMA? Clin Nucl Med. (2018) 43:529–32. doi: 10.1097/RLU.0000000000002103

19. Marafi F, Sasikumar A, Alfeeli M, Fathallah W. 18F-PSMA 1007 uptake in brain
metastases from breast cancer. Clin Nucl Med. (2020) 45:e77–9. doi: 10.1097/
RLU.0000000000002821
20. Arslan E, Ergül N, Karagöz Y, Gedik AA, Çermik TF. Recurrent brain metastasis
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