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Abstract
Purpose Prostate-specific membrane antigen (PSMA) is a potential target for radioligand therapy (RLT) in neuro-oncology. 
This study investigates the direct relation between  [68Ga]Ga-PSMA-11 uptake on PET and PSMA expression in the tumour 
micro-environment of high-grade glioma (HGG) and brain metastasis (BM).
Methods Twelve patients with HGG (glioblastoma n = 6, oligodendroglioma n = 1), or BM (lung- n = 4, breast cancer n = 1), 
underwent PET-MRI after intravenous  [68Ga]Ga-PSMA-11 injection (1.5 MBq/kg), followed by image-guided biopsy sam-
pling during (re-)resection surgery. Multiple samples (median n = 3/patient, n = 23 HGG/n = 20 BM) from locations of low 
and high  [68Ga]Ga-PSMA-11 uptake were analysed for PSMA expression in vasculature and non-vascular structures using 
morphology and immunohistochemistry.
Results All patients showed  [68Ga]Ga-PSMA-11 uptake in tumour ( SUVmax median, range: 10.5, 4.7–19.8). Strong PSMA 
expression was found in tumour microvasculature (14/23, 61% in HGG, 13/20, 65% in BM). Tumour cell PSMA expression 
was found in a subset of HGG (10/23; of which strong in 8/10) and BM (3/20; none of which showed strong expression). 
Strong PSMA expression was also found on non-malignant glial cells in tumour. PSMA expression in healthy brain control 
samples was negligible. In HGG, a significant correlation existed between  [68Ga]Ga-PSMA-11 uptake and PSMA expression 
in tumour microvasculature (r = 0.487, P < 0.01), but not tumour cells.
Conclusion PSMA expression in brain tumours is predominately vascular, which likely explains why microvascular (rather 
than tumour cell) PSMA expression correlates with  [68Ga]Ga-PSMA-11 uptake in HGG. This neovascular expression is 
crucial information for future PSMA-based RLT studies, as alpha-emitters may not sufficiently target tumour DNA.
NCT05798273; date of registration: 1/9/2020.
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Introduction

Novel therapeutic approaches that specifically target 
tumour cells or microenvironmental changes, and not pre-
existent brain tissue, are highly desired to improve survival 
of patients with malignant brain tumours. In the field of 
neuro-oncology there is a growing interest for the concept 
of theranostics, which refers to the use of radionuclides 
linked to tumour-targeting ligands (radioligands), either for 
diagnostic imaging (by positron- or single-photon-emission 

tomography (PET/SPECT)) or for targeted radioligand 
therapy (RLT) [1]. Diagnostic radionuclides used most fre-
quently in clinical practice are gamma particle-emitters (e.g., 
fluor-18 or gallium-68), which allow for target visualisation 
and uptake quantification. Therapeutic radionuclides mainly 
include beta-emitters (e.g., lutetium-177, holmium-166 
and terbium-161), but also stronger alpha-emitters (actin-
ium-225, lead-212) are entering the therapeutic arena to 
enable local DNA damage and cell death.

A recently discovered target with high potential for thera-
nostic applications in glioma and brain metastases is prostate 
specific membrane antigen (PSMA); a transmembrane pro-
tein that is already successfully exploited for the treatment of Extended author information available on the last page of the article
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prostate cancer patients [2]. To date, several immunohisto-
chemistry studies found that PSMA is also highly expressed 
on the endothelial cells of neovasculature and, to a lesser 
extent, on tumour cells in high-grade glioma (HGG) and 
brain metastasis (BM) [3, 4]. Correlations were also found 
between the level of PSMA expression and tumour grade 
and survival [5, 6]. The first case series and clinical PET 
studies published to date [4, 7], confirmed moderate to high 
uptake of a variety of PSMA-based radioligands in patients 
with HGG and BM, both in primary and recurrent setting, 
while pseudoprogression/radiation necrosis and pre-existent 
brain tissue showed little to no uptake, indicating that PSMA 
is a potential target for RLT in neuro-oncology.

Essential prerequisites for successful RLT include spe-
cific binding of the radioligand to its biological target, and 
accumulation and retention in proximity to the tumour 
DNA, to ensure DNA damage and induction of tumour cell 
death [8]. The correlation between PSMA-based radioli-
gand uptake on PET and PSMA expression in tissue has 
not been demonstrated before. One study found that high 
PSMA expression on endothelial cells in the tumour micro-
environment, but not tumour cells, was correlated to high 
radioligand uptake on PET in eleven patients [9], however, 
in our own multicentre study we could not replicate these 
findings [10]. More extensive tumour tissue -sampling and 
-analysis can potentially better capture the heterogeneity of 
the tumour micro-environment to increase our knowledge 
on the PSMA expression patterns in relation to radioligand 
uptake dynamics on PET. Here, we performed a correla-
tion study to investigate the relation between pre-operative 
uptake intensity of  [68Ga]Ga-PSMA-11 on PET-MRI and 
PSMA expression in multiregional targeted tumour samples 
in patients with HGG or BM.

Material and methods

Patients

Approval for this study was obtained from the Medical Eth-
ics Committee at Erasmus MC (NCT05798273). Patients 
were recruited during standard clinical visits to the depart-
ment of neuro-oncology or neuro-surgery. Written informed 
consent was obtained from each patient in accordance with 
provisions of the declaration of Helsinki. Inclusion crite-
ria were: radiologically-presumed and/or histologically-
confirmed glioma showing enhancement on post-contrast 
MRI at time of primary diagnosis or progressive disease, 
or brain metastasis/-es, planned for (re-)resection, age 
≥ 18 years old, good clinical condition (Karnofsky perfor-
mance status ≥ 70), and ability and willingness to provide 
written informed consent. A detailed description of the 

enrolment (in- and exclusion) criteria and scanning protocol 
is described elsewhere [11].

A limited set of data from patient no. 1–5 has been 
described previously in a multicentre study, which exten-
sively reports on the time activity curves and biodistribu-
tion of  [68Ga]Ga-PSMA-11 [10]. For the present study, more 
extensive methods as described below, were used for and 
in-depth analysis of the PET-MRI data and samples.

As negative control, a slice of brain parenchyma taken 
from the frontal lobe from two control autopsy patients with-
out a tumour were obtained from the biobank of Erasmus 
Medical Centre. This biobank tissue was stored with written 
informed consent from patients for scientific use of their data 
in accordance with provisions of the declaration of Helsinki.

PET‑MRI acquisition

Scans were acquired on a 3.0 T whole-body hybrid PET-
MR system (Signa PET-MR, GE Healthcare, USA)) at 90 
min (min; scan 1), 165 min (scan 2) and 240 min (scan 3) 
after intravenous injection of 1.5 MBq/kg (median, IQR 123, 
99–134 MBq) of  [68Ga]Ga-PSMA-11. At each timepoint, a 
single bed position (bp) PET scan of the brain was acquired 
for 15 min. The first scan was followed by a whole-body 
scan (from skull to vertex to thighs) of 5 bp (each 3 min). 
The image acquisition details are described in the Supple-
mentary Material.

Neuronavigation and surgical biopsy procedure

Prior to surgery, hybrid PET-MR images were reviewed 
by the neuroradiologist and nuclear medicine physician in 
collaboration with the neurosurgeon. Tumour regions with 
relatively low and high  [68Ga]Ga-PSMA-11 uptake were 
identified by visual assessment and selected for biopsy.

For per-operative neuronavigation, hybrid PET and post-
contrast T1w MR images from the third time-point (scan 3) 
were transferred into BrainLab © (BrainLab AG, Munich, 
Germany). In all patients, multiple image-guided samples 
were obtained, with the biopsy sites documented via intraop-
erative screenshots. Samples were formalin-fixed and paraf-
fin embedded (FFPE) according to standard procedures for 
clinical samples.

SUV uptake analysis

Spherical 1  cm3 volumes of interest (VOIs) were delineated 
for each biopsy location on all PET scans (i.e., timepoints 
1–3), using BrainLab screenshot correlations to ensure spa-
tial accuracy. This approach is consistent with similar studies 
investigating the spatial correlation between amino acid PET 
uptake and LAT1 expression [12, 13]. Within each VOI, the 
maximum uptake (SUVmax) was calculated using Hermes 
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Hybrid Viewer V4.0.0. Based on our previous multicentre 
experience [10], the 240 min post-injection time point was 
selected for correlation with PSMA expression, as this scan 
consistently demonstrated stable and representative uptake 
across tumours. Additionally, SUVmean in the left ventricle 
was calculated using a spherical VOI with a diameter of 
2 cm to serve as a reference value for blood pool activity. 
It should be emphasized that the whole-body scans were 
acquired between 105 and 130 min post-injection, and as 
such, blood pool values are expected to be slightly higher 
than would be expected at the 240 min post-injection time 
point.

Immunohistochemistry analysis

FFPE blocks were sliced into 4-µm tissue sections. All tissue 
sections were separately (i) stained with Hematoxylin and 
Eosin (H&E) or (ii) immunostained with mouse-anti-PSMA 
(DAKO, M3620).

Stainings were evaluated independently by two neuro-
pathologists (VD, SLNM) who were blinded for the results 
from the  [68Ga]Ga-PSMA-11 uptake analysis on PET and for 
each other's scoring. First, H&E stainings were used to visu-
ally describe the morphology of each sample. For example, 
disorganized cells (clusters) were described as tumour cells, 
whereas well-organized cell clusters and scarred tissue (e.g. 
cell nuclei fragmentation, scattered fragments of brain paren-
chyma and gliosis) were described as pre-existent (i.e., normal) 
brain and necrotic tissue, respectively. The two pathologists 
independently estimated the percentage of each component 
(tumour, pre-existent brain tissue and necrosis) and scored the 
presence of microvessels within the tissue section area.

Subsequently, the H&E and PSMA stainings were used to 
measure the level of PSMA expression and visually assess 
the distribution across the sample components. The level 
of expression was scored according to a five-point scale, 
as used in our previous multicentre study [10], and similar 
PSMA immunohistochemistry studies [3]. This scale com-
bines both intensity and extent of the staining to come to one 
PSMA expression score (0 = none, 1 = limited, 2 = moder-
ate, 3 = strong, 4 = very strong). The pathologists’ pooled 
average of the two PSMA expression scores were used for 
the analyses. The inter-rater agreement between pathologists 
was calculated by grouping low (scores 0–2) versus high 
(scores 3–4) scores.

In each sample, the level of PSMA expression on micro-
vasculature was scored separately from other non-vascular 
structures [6]. The level of PSMA expression on tumour 
cells was not separately scored as it can be challenging for 
the neuropathologist to distinguish tumour cells from normal 
glial cells and other TME components using H&E. When 
PSMA expression in individual tumour cells was identified 
this was recorded.

Multiplex immunofluorescence staining 
of tumour‑microenvironment

As an alternative to H&E, an assessment using multiplex 
immunofluorescence was performed in HGG patients 3, 4, 
and 5, which did allow for precise evaluation of the level 
of PSMA expression across the different tumour compo-
nents. Following deparaffinization and heat-induced antigen 
retrieval with CC1 (#950–500, Ventana), multiplex immu-
nofluorescence was performed on the Ventana Benchmark 
Discovery (Ventana Medical Systems Inc.). Multiplex 
stainings with rabbit-anti-PSMA (13 µg/mL, EP192; Cell 
Marque) were performed with the following markers: 
mouse-anti-nestin (1:25,600; NovusBio) for neuroepithelial 
stem cells (including tumour cells), glucose transporter-1 by 
rabbit-anti-Glut-1 (0.8 µg/mL; Cell Marque) as blood–brain 
barrier (BBB) marker, rabbit-anti-GFAP (1 µg/mL, clone 
EP6724; Cell Marque) to localize reactive astrocytes, and 
mouse-anti-PDGFR-beta (1:800; R&D) for pericytes. Slides 
were covered with anti-fading medium (DAKO, S3023) with 
DAPI. The full immunofluorescence staining protocol is pro-
vided in the Supplementary Material. The resulting images 
were visually assessed by the neuropathologists using ZEISS 
ZEN Miscroscopy software (Carl Zeiss AG, Oberkochen, 
Germany).

[68Ga]Ga‑PSMA‑11 uptake and PSMA expression 
in samples

[68Ga]Ga-PSMA-11 uptake on PET was compared between 
samples with- and without PSMA expression in the respec-
tive H&E morphologies: tumour cells, microvasculature, 
pre-existent brain tissue and necrosis. Correlations were 
performed between the PSMA expression scores and  [68Ga]
Ga-PSMA-11 uptake as measured by SUVmax values from 
each 1  cm3 spherical VOI on PET. A subgroup analysis was 
performed in samples with PSMA-positive tumour cells and 
correlated to  [68Ga]Ga-PSMA-11 uptake on PET. The corre-
lations were separately performed for HGG and BM because 
of their biological differences.

Statistical analyses

Statistical analysis was performed with Statistical Pack-
age for the Social Sciences (SPSS) version 24.0.0.1. (IBM 
Corporation, New York, USA). Normality of the data was 
determined using Kolmogorov–Smirnov Z-test for continu-
ous variables, and reported by mean and standard deviation 
(± SD) for normally distributed variables and by median and 
range for non-normally distributed variables, respectively. 
The inter-rater variability was assessed using Cohen’s kappa.

Comparison between subgroups were performed using 
the Mann Whitney U test and correlations between PSMA 
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expression and  [68Ga]Ga-PSMA-11 uptake were assessed 
using the Spearman Rho correlation, as variables were non-
normally distributed. A P-value < 0.05 was considered sta-
tistically significant.

Results

Patients and study procedures

Twelve patients with de novo or progressive HGG, including 
glioblastoma (IDH-wildtype) (n = 6) and oligodendroglioma 
(IDH-mutated, 1p/19q codeleted) (n = 1), or a secondary 
brain tumour from lung- (n = 4) or breast- (n = 1) carcinoma, 
were included. Diagnosis was confirmed by post-operative 
histopathology in all patients and did not differ from the 
initial diagnosis. Patient and tumour characteristics are dis-
played in Table 1.

All patients had a positive  [68Ga]Ga-PSMA-11 PET scan 
with tumour uptake above blood pool activity levels. Uptake 
was heterogeneously distributed within tumours and between 
individuals. The median time interval between PET-MRI and 
biopsy sampling during surgery was 6 days (range: 2–17). A 
median of 3 samples were obtained per patient (range 1–9, 
total 43). Per-operative neuronavigation screenshots were 
available for post-procedural analysis in n = 37/43 tumour 
samples (n = 23 HGG, n = 14 BM) (Fig. 1). Six screenshots 
were not captured due to per-operative technical issues in 
the neuronavigation system. All biopsy sites corresponded 
to contrast-enhancing regions on MRI, consistent with previ-
ous observations that  [68Ga]Ga-PSMA-11 uptake colocalizes 
with enhancing tumour tissue [10, 11].

Immunohistochemistry analysis

H&E analysis showed that the majority of samples exhibited 
a composition of tumour cells, microvessels, pre-existent 
brain tissue and necrosis. Twenty-two out of 43 samples 
contained 50% or more tumour cells. Microvessels were 
detected in all samples. Four samples (1 out of 4 from HGG 
patient no. 7 and 3 out of 4 from BM patient no. 8) did 
not contain any detectable tumour cells and were accord-
ingly described on H&E as pre-existent brain tissue (with 
undetectable tumour cell load) in the HGG sample, and as 
brain tissue with reactive changes in the BM samples. In two 
samples (patient no. 3 and no. 1) less than 10% of the tissue 
were tumour cells. Two samples (both from BM patient no. 
12) were predominantly hemorrhagic, due to difficulty dur-
ing the procedure, limiting accurate evaluation of tumour 
cells and microvessels. Given the considerable  [68Ga]Ga-
PSMA-11 uptake observed preoperatively (SUVmax > 4), 
we attribute this to a sampling error. The two control sam-
ples constituted for 100% of healthy brain tissue with only 

some reactive, possible post-mortem, changes. All samples 
were included in the analysis to account for tumour micro-
environment heterogeneity.

The inter-rater agreement for scoring of PSMA expres-
sion was considered “very good” (k = 0.81, P < 0.001) 
for microvasculature (median score: 2, range: 0–4), and 
“moderate” (k = 0.44, P < 0.01) for non-vascular structures 
(median: 3, range: 0–4).

[68Ga]Ga‑PSMA‑11 uptake and PSMA expression 
in samples

Representative examples showing the regional pattern of 
PSMA expression in tumour are visualised in Fig. 2 (HGG) 
and Fig. 3 (BM).

PSMA expression was found on tumour cells, in only a 
subset of samples: 10 out of 23 (43%, of which strong in 
8 out of 10) HGG and 3 out of 20 (15%, of which strong 
in none) BM, independent of tumour cell density. At the 
location of the HGG samples with PSMA-positive tumour 
cells (n = 10),  [68Ga]Ga-PSMA-11 uptake did not differ sig-
nificantly compared to areas from samples without PSMA-
positive tumour cells (n = 12) (SUVmax, median, range: 
6.9, 0.3–10.4 versus 4.7, 0.5–12.7; P = 0.26). In the BM 
group, due to the negligible PSMA expression on tumour 
cells, no comparison was made with PET uptake. In the n = 
2/4 samples with available screenshots (n = 1 HGG, n = 1 
BM) where no detectable tumour cells were present, SUV-
max values were low (1.6 and 2.9).

PSMA expression was detected on endothelial cells of 
microvessels in the majority of samples: 14 out of 23 (61%, 
of which strong in 9 out of 14) HGG and 13 out of 20 (65%, 
of which strong in 9 out of 13) BM samples, respectively, 
which was dependent on tumour cell density. PSMA-positive 
microvessels were localised in tumour cell dense regions and 
not found in pre-existent brain tissue regions apart from 4 
samples, but only limited in some small vessels. At the loca-
tion of HGG samples with PSMA expression on microves-
sels,  [68Ga]Ga-PSMA-11 uptake did differ significantly com-
pared to areas from samples without PSMA expression on 
microvessels (SUVmax median, range: 6.6, 2.0–12.7 versus 
1.6, 0.3–10.0, P < 0.05). At the location of BM samples 
with PSMA-positive microvessels,  [68Ga]Ga-PSMA-11 
uptake was higher compared to areas from samples without 
PSMA-positive microvessels, but did not reach statistical 
significance (SUVmax median, range: 6.1, 4.3–12.2 versus 
4.8, 2.9–10.6, P = 0.52).

PSMA expression was also detected on individual (reac-
tive) glial cells, neuropil and fibroblasts in the tumour sam-
ples. Both pre-existent brain and tumour cell dense areas in 
tumour samples showed PSMA-positivity in these cells: 22 
out of 23 HGG and 19 out of 20 BM samples. Due to the 
homogenous PSMA expression in cells other than tumour 
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cells or microvessels, across both HGG and BM tumour 
samples, no comparison was made with PET uptake. Only 
negligible PSMA expression was detected in the n = 2 
healthy control samples in these cells and in microvascula-
ture: limited fibrillary staining in glial cells (IHC score 1) 
was detected and moderate PSMA expression (IHC score 2) 
in some endothelial cells of normal vessels.

PSMA expression was not detected in necrosis, neither in 
HGG nor BM samples.

Multiplex immunofluorescence staining 
of tumour‑microenvironment in HGG

In the selected HGG samples (n = 3), multiplex immunofluo-
rescence staining confirmed only limited colocalization of 
PSMA with the marker nestin, i.e., with neuroepithelial stem 
cells including tumour cells, in line with the immunohisto-
chemistry results (Fig. 4). Besides, nestin expression was 
only found in a subset of the tumour cells that were identified 
on H&E. Some endothelial cells of microvessels (identified 
by colocalization with Glut-1) in tumour cell dense regions 
also showed nestin expression. Colocalization of PSMA with 
Glut-1 was confirmed specifically on the endo-luminal side of 
vessels (Fig. 5). Overall, at the borders of tumour cell dense 
to pre-existent tissue (defined as peritumoural area), PSMA 
expression colocalised with astrocyte endfeet, indicated from 
GFAP co-expression, and with perictyes, indicated from 
PDFGRb co-expression (Fig. 6) – these PSMA-positive 
astrocytes and pericytes were lining the microvessels.

Relation between  [68Ga]Ga‑PSMA‑11 uptake 
intensity and PSMA expression

A significant correlation was found between  [68Ga]Ga-
PSMA-11 uptake intensity on PET measured by SUVmax 
(r = 0.487, P < 0.01) and PSMA expression levels in tumour 
microvasculature in HGG samples, but not in BM samples 
(P > 0.1) (Fig. 7). The subgroup analysis of samples with 
PSMA-positive tumour cells did not show a correlation 
between  [68Ga]Ga-PSMA-11 uptake intensity and PSMA 
expression levels in HGG (P > 0.05).

Discussion

In this prospective clinical imaging and multiregional tumour 
biopsy study of patients with malignant brain tumours, the direct 
correlation between  [68Ga]Ga-PSMA-11 uptake on PET-MRI 
and PSMA expression in tumour tissue was assessed. This 
allowed for in-depth structural analysis of PSMA expression 
and assessment of intra-tumoural, intra-lesional and inter-indi-
vidual heterogeneity. We observed strong and extensive PSMA 
expression in microvessels correlating to tumour density, in 
both HGG (61%) and BM (65%) while vessels outside tumour 
cell dense regions did not show any PSMA expression, cor-
responding with our findings in the pre-existent brain controls. 
A statistically significant correlation was found between  [68Ga]
Ga-PSMA-11 uptake intensity and PSMA expression in the 
tumour microvessels in HGG samples. Interestingly, 35% of 

Fig. 1  Illustrative case of PET-MR-guided per-operative tissue biopsy 
sampling. Representative example of patient no. 5 with progressive 
glioblastoma in the right parieto-occipital region who underwent 
re-resection during which the neurosurgeon used Brainlab © to per-
operatively navigate to the tumour. The PET-MR images were loaded 

into the system (a) for biopsy sampling (b) of areas with low and 
high  [68Ga]Ga-PSMA-11 uptake on PET. Preparation and fixation of 
the tissue was performed (c) for subsequent immunohistochemistry 
analysis. Abbreviations: MR = magnetic resonance, PET = positron 
emission tomography, PSMA = prostate-specific membrane antigen
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Fig. 2  Representative illustration of PSMA expression pattern in a 
HGG sample. Overview snapshot of patient no. 1 (a, H&E) show-
ing three distinct morphologies in the tumour biopsy; including a 
tumour cell dense area, tumour microvasculature around tumour 
cells and necrotic tissue with corresponding PSMA expression (b) in 

respectively cytoplasm and some tumour cells (c), in tumour micro-
vasculature (d) and absent PSMA expression in necrotic tissue (e). 
Abbreviations: HGG = high-grade glioma, PSMA = prostate-specific 
membrane antigen
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Fig. 3  Representative illustration of PSMA expression pattern in 
a BM sample. Overview snapshot of patient no. 8 (a, H&E) show-
ing three distinct morphologies in the tumour biopsy including 
necrotic tissue, some pre-existent tissue and tumour cell dense area 
with tumour microvasculature. PSMA expression (b) was absent in 

necrotic tissue (c), weak/aspecific in pre-existent cytoplasm (d) and 
absent on tumour cells, but strong in tumour microvessels (e). Abbre-
viations: BM = brain metastasis, PSMA = prostate-specific mem-
brane antigen
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Fig. 4  Multiplex immunofluorescence showing PSMA and nestin co-
expression in a subset of tumour cells. Snapshot figures of representa-
tive tumour tissue slice (patient no. 5) showing from left to right a 
fused multiplex, expression of DAPI (cell nuclei), nestin and PSMA. 

High PSMA expression was found in this population of tumour cells 
but only a subset also showed nestin expression. Abbreviations: DAPI 
=  4′,6-diamidino-2-phenylindole,  PSMA = prostate-specific mem-
brane antigen

Fig. 5  Multiplex immunofluorescence showing PSMA expression in 
tumour microvasculature. Snapshot figures of representative tumour 
tissue slice (patient no. 4) showing from left to right a fused multi-
plex, expression of DAPI (cell nuclei), Glut-1 and PSMA. PSMA 

expression was found on endothelial cells of vessels in tumour cell 
dense areas. Abbreviations:  DAPI =  4′,6-diamidino-2-phenylindole, 
Glut-1 = glucose transporter-1, PSMA = prostate-specific membrane 
antigen

Fig. 6  Multiplex immunofluorescence showing co-expression 
of GFAP, PDFGRb and PSMA. Snapshot figures of representa-
tive tumour tissue slice (patient no. 4) showing from left to right a 
fused multiplex, expression of DAPI (cell nuclei), GFAP, PDGFRb 
and PSMA around a microvessel in a tumour cell dense area. PSMA 
expression colocalised with GFAP, which showed extensive expres-
sion, highlighting the astrocyte endfeets connected to the vessel. 

PSMA expression also colocalized in the endfeets of pericytes. The 
aspecific staining (in cyanin blue) in  the lumen of the vessels are 
blood cells and not PSMA. Abbreviations: DAPI =  4′,6-diamidino-
2-phenylindole,  GFAP = glial fibrillary acidic protein, PDGFRb = 
platelet-derived growth factor receptor beta, PSMA = prostate-spe-
cific membrane antigen
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HGG samples showed strong PSMA expression on individual 
tumour cells; however, no correlation with  [68Ga]Ga-PSMA-11 
uptake intensity was found. In BM, PSMA expression on indi-
vidual tumour cells was identified in only 15% of samples, none 
of which demonstrated strong expression.

In-depth knowledge of the precise localization of target 
expression is essential for selecting the most appropriate radi-
onuclide for future RLT strategies. Our findings indicate that 
 [68Ga]Ga-PSMA-11 uptake in malignant brain tumours pre-
dominantly reflects binding to the tumour microvasculature. 
This suggests that alpha-emitting RLT may be less effective in 
directly targeting tumour DNA due to the limited path length 
of alpha particles (~ 50–100 µm). In contrast, beta-emitting 
radionuclides, such as lutetium-177, offer greater potential 
owing to their longer tissue penetration range (up to several 
millimeters), which may allow for both damage to the tumour-
associated vasculature and irradiation of adjacent tumour 
cells. Nevertheless, as  [68Ga]Ga-PSMA-11 consistently co-
localizes with contrast-enhancing tumour regions – presumed 
to reflect areas of blood–brain barrier (BBB) disruption [11], 
the overall efficacy of PSMA-based RLT may be limited by 
incomplete irradiation of infiltrating tumour cells located 
beyond the contrast-enhancing margins. In the present study, 
we did not distinguish between de novo (n = 3) and progres-
sive (n = 9) disease, nor did we stratify by tumour grade, as 
our primary aim was to evaluate PSMA a potential target for 

RLT in patients with otherwise limited or no remaining treat-
ment option, regardless of prior therapy or disease setting.

Only two studies have to date investigated the direct corre-
lation between radioligand uptake on PET and PSMA expres-
sion in corresponding tumour samples [9, 10]. The study by 
Truckenmueller et al. reported slightly lower SUVmax values 
in tumour (median, range 4.5, 3.7–6.2 versus 5.9, 0.4–13.0) and 
found a trend between  [68Ga]Ga-PSMA uptake intensity and 
PSMA expression on tumour vessels, measured in eleven HGG 
patients. In their study, however, samples were taken before 
and not after PET imaging, like in our study, with a long time 
interval between surgery and PET imaging (median 12 months, 
range 9–14, versus 6 days, range 2–17). Besides, only a sin-
gle biopsy was obtained per patient. As such, heterogeneity 
in expression patterns within the tumour micro-environment 
in relation to radioligand uptake had not yet been accurately 
established. The other study was performed by our own group 
in a multicentre setting [10], in which strong PSMA expression 
in tumour microvessels was found but without a correlation 
with uptake intensity on PSMA PET, most likely explained by 
tumour heterogeneity and sampling errors and/or differences 
between the PSMA-radioligands used (between centres).

This study is one of the few to date that offers a direct and 
in-depth method for comparisons, addressing a gap largely 
attributed to the lack of consensus on the most optimal and 
reliable approach for assessing target expression. Since 1999, 

Fig. 7  Scatterplot of the correlation between  [68Ga]Ga-PSMA-11 
uptake intensity on PET (SUVmax) and PSMA expression in tumour 
microvessels (IHC score) in HGG samples (r = 0.487, P < 0.01); 
highlighting four representative fused PET with post-contrast T1w 
MR images at the respective biopsy location. The biopsy location is 

indicated with a white circle (patient no. 7 (a), 3 (b), 5 (c), 1 (d)). 
Abbreviations: BM = brain metastasis, HGG = high-grade glioma, 
IHC = immunohistochemistry, PET = positron-emission tomography, 
PSMA = prostate-specific membrane antigen
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several approaches have been reported in literature with regard 
to scoring and quantification of PSMA expression, resulting in 
highly variable outcomes. For example, five studies reported 
that PSMA is expressed in HGG tumour cells and individ-
ual cells not identifiyable as tumour cells (but no endothe-
lial cells) in less than 2% to up to 50% of samples [5, 6, 14, 
15]. There is an increasing need for standardized, potentially 
semi-automated systems for staining and scoring to evaluate 
and compare image-guided target expression through immu-
nohistochemistry. This requires particular attention to the 
standardization of antibody usage, staining protocols, and 
their application to large, comprehensive validation datasets, 
to enhance and optimize reproducibility. In this study we used 
the most advanced method currently available –images from 
multiregional targeted biopsies taken from areas with low and 
high  [68Ga]Ga-PSMA-11 uptake, which were assessed by two 
independent evaluators using a scale-based scoring system.

This study had some limitations. First, some of the sam-
ples could not be accurately assessed as they consisted of 
mostly blood and necrotic tissue in 2/5 BM patients. This was 
explained by the neurosurgeon as due to sampling difficul-
ties during surgery. However, since we obtained multiregional 
image-guided samples per patient we were still able to assess 
target expression patterns in BM. The small sample and hence 
lack of power may however explain that we could not confirm 
a correlation between  [68Ga]Ga-PSMA-11 uptake and PSMA-
positive microvessels in BM. This could also be attributed to a 
true underlying biological and morphological difference: while 
microvascular neovascularisation is a prominent histological 
feature of HGG [16], it is a less distinctive feature in BM. 
Second, the interpretation of the co-expression of PSMA with 
the tumour-cell marker nestin was hampered by the fact that 
nestin itself was not expressed in all tumour cells. This may 
be explained by differential losing or gaining of nestin expres-
sion, as literature shows that subpopulations of glioma cells 
can differ in their mutational status [17–20]. In line with a 
previous study, we also found nestin expression on subpopula-
tions of endothelial cells [21]. To our knowledge, no markers 
yet exist that are specific for only brain tumour cells of the 
IDH-wildtype (off note: accurate stainings for IDH1 R132H 
mutant tumour cells do exist); showing the need to develop 
better high-grade glioma cell-markers. Finally, a well-known 
methodological issue is the mismatch and possible discrepancy 
between PET(-MRI) and immunohistochemistry. For example, 
brain shift during open surgery tissue sampling and differences 
in resolution between the two techniques (i.e., 3 mm slices on 
PET and 4 µm slices in tissue) can influence the accuracy of 
the measurements. We therefore aimed to obtain samples cen-
trally from distinct (i.e., distant) regions of low and high  [68Ga]
Ga-PSMA-11 uptake as to limit location errors as much as pos-
sible. Strategies to further improve precision are for example 
to homogeneously obtain similar-sized cylindrical samples, as 
suggested in literature [13], while recording the coordinates 

before dural opening, demanding close collaborations between 
nuclear radiologists and neurosurgeons with in-house expertise 
in the technique.

In conclusion, our findings demonstrate that future PSMA-
based RLT strategies hold promise for treatment of malignant 
brain tumours. The microvascular expression pattern is crucial 
information, as it indicates that alpha-based therapy will likely 
not reach the tumour DNA sufficiently. Future clinical bed-to-
bench-and-back studies need to establish these radiobiological 
effects of PSMA-based RLT in the tumour micro-environment.
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