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Theranostic approaches with positron emission tomography/computed
tomography (PET/CT) or PET/magnetic resonance imaging (PET/MRI) molecular
imaging probes are being implemented clinically in prostate cancer (PCa) diagnosis
and imaging-guided precision surgery. This review article provides a
comprehensive summary of the rapidly expanding list of molecular imaging
probes in this field, including their applications in early diagnosis of primary
prostate lesions; detection of lymph node, skeletal and visceral metastases in
biochemical relapsed patients; and intraoperative guidance for tumor margin
detection and nerve preservation. Although each imaging probe shows preferred
efficacy in some applications and limitations in others, the exploration and
research efforts in this field will eventually lead to improved precision
theranostics of PCa.
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1 Introduction

Prostate cancer (PCa) is the most frequently occurring cancer in men worldwide, with a
continuously increasing incidence (1). Traditional methods for PCa diagnosis, including the
digital rectal examination (DRE) and serum prostate-specific antigen (PSA) evaluation,
cannot fully meet the diagnostic needs due to low accuracy and sensitivity (2). Novel
methods, such as integrated positron emission tomography/computed tomography (PET/
CT) or PET/magnetic resonance imaging (PET/MRI), to image %8Gallium(°®Ga)-labeled
prostate-specific membrane antigen (PSMA), which is exclusively overexpressed on clinical
PCa cells, have brought great precision diagnostic capability. In addition to diagnosis, the
major treatment strategy for PCa, prostatectomy, has entered the era of “precision surgery”,
which requires a precise marking of the malignant tissue as intraoperative guidance.
Identifying the actual position of the tumor, nerve, and lymph node has become more and
more important during prostatectomy surgery. Novel intraoperative molecular imaging
methods with high sensitivity, specificity, distinguishability, and safety, such as '*'In labeled
PSMA, have been shown to locate the PCa lesions precisely (3); indocyanine green (ICG), a
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USA Food and Drug Administration (FDA)-approved near-infrared
(NIR) fluorescent agent for highlighting tissue, has been combined
with **™Tc to directly and accurately recognize malignant PCa tissue
and metastases to assist decision making by surgeons during
operations (4). In this article, we focus on providing a
comprehensive summary of all novel molecular imaging probes in
PCa diagnosis and intraoperative guidance for tumor detection and
nerve preservation.

2 Novel Molecular imaging methods
for PCa diagnosis

2.1 Prostate-specific membrane antigen

Prostate-specific membrane antigen (PSMA) is a type II
transmembrane glycoprotein encoded by the folate hydrolase 1
(FOLH1) gene. Compared with other non-specific PET tracers, PET/
CT imaging targeting PSMA has important clinical value in the
diagnosis and staging of PCa. PSMA is highly expressed on the
surface of PCa cells and is closely correlated with tumor grade, PSA
value, and prognosis. So far, two PSMA agents (**Ga-PSMA11 and '*F
DCFPyL) have been approved by the FDA for clinical application (5).
Other PSMA tracers are also commonly used in preclinical studies and
clinical trials, such as ®®*Ga-PSMA617 and ®F-PSMA-1007. A meta-
analysis based on 37 studies with 4,790 patients was conducted by Perera
et al. and showed that the overall sensitivity and specificity of **Ga-
PSMA PET/CT for initial staging of advanced PCa were 77% and 97%,
respectively (6). According to a meta-analysis by Huang, an overall
pooled detection rate of 94% for '*F-PSMA-1007 was demonstrated in
PCa patients (7). With a combined median maximum standard uptake
value (SUVmax) of 16 (3.7-77.7) for primary prostate lesions, 18p.
PSMA-1007 had positive predictive values of 0.90, 0.94, and 0.84 with
the identification of lesions, regional lymph node metastases, and
localized prostate tumors, respectively. With the comparison of
regular CT imaging and bone scanning, the accuracy of PET imaging
with PSMA as the target was 27% higher (92% vs 65%), as were
sensitivity and specificity (85% vs 38%, 98% vs 91%) (8). Zhou et al.
made a critical comparison of '®F-PSMA-1007 PET/CT and '*F-FDG
PET/CT, which were both performed on 21 PCa patients (9). The
SUVmax, mean standard uptake value (SUVmean), and tumor-to-
background ratio (TBR) of '®F-PSMA-1007 PET/CT were higher than
those of '®F-FDG PET/CT in the primary lesions and metastases,
leading to a superior detection rate in the primary PCa lesions and
more significant differentiations between benign lesions and metastases.
In addition, the multifocality of primary PCa lesions was presented
under the '*F-PSMA-1007 PET/CT rather '*F-FDG PET/CT, suggesting
the excellent PCa lession localization the PSMA tracer
provides (Figure 1).

PSMA PET/CT imaging makes a contribution to the diagnosis of
PCa metastases. A prospective single-center study demonstrated that
PSMA PET/CT imaging has modest sensitivity (71.4%) and exceptional
specificity (88.9%) in detecting pelvic lymph node involvement (10). In
addition, PSMA PET/CT imaging combined with sentinel lymph node
biopsy in primary-identified medium to high-risk PCa resulted in 94%
accuracy in original lymph node staging of PCa. This cross-validation
could increase the overall sensitivity of lymph node metastasis to 100%
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(11). To assess the diagnostic efficacy of PSMA imaging for PCa bone
metastases, a network meta-analysis that involved 45 studies with a total
of 2,843 patients and 4,263 lesions was completed by Liu et al. (12). It
evinced that ®*Ga-PSMA PET/CT had an incredible ability to visualize
bone metastases, with a superiority index of 7.3, which is higher than'*F-
NaF, 'C-choline, *F-choline, 18F—ﬂuorodeoxy,g'lucose (FDG), and 18p_
fluciclovir PET/CT. Harmon et al. compared the application of '*F-
PSMA-PET/CT and '®F-NaF in bone metastases, and 185 bone lesions
were recognized by '®F-NaF and/or '®F-PSMA in 26 patients, in which
8E_NaF significantly works better (p<0.001) (13). Van Damme et al.
conducted a study on 134 PCa patients, including newly diagnosed and
relapsing patients, to make a comparison between PSMA imaging and
whole-body magnetic resonance imaging (WB-MRI) for metastases
diagnosis (14). PSMA imaging and WB-MRI were found to have no
significant difference among identifying PCa patients with metastases
when lymph node, skeletal, and visceral metastases were considered as a
whole. However, in the subgroup of newly diagnosed PCa patients,
PSMA PET/CT was better than WB-MRI for the detection of lymph
node metastases, suggesting PSMA PET/CT is superior to WB-MRI for
the recognition of lymph node metastasis in early PCa.

Although there are superior advantages of PSMA PET-CT
imaging ascribed to the high expression of PSMA in PCa, some
limitations exist. High uptake of radionuclide has been found in some
benign lesions and other non-PCa malignant tumors in clinical
applications (15, 16). In addition, the efficacy of PSMA PET/CT
imaging is highly susceptible to the PSA level. The PSA level was
positively associated with the SUV value of '*F-PSMA imaging in
patients with androgen deprivation therapy (ADT) (13). Combining
PSA levels and treatment status, ADT patients (n=11) with a PSA
below 2 ng/ml showed more lesions on '*F-NaF than on '*F-PSMA
(p=0.02). Among patients with PSA > 2 ng/ml, ADT patients (n=8)
showed the same or more lesions on '*F-PSMA than on '*E-NaF. In
efficacy monitoring, '*F-PSMA-1007-PET/CT has a good localization
function for the biochemical recurrence (BCR) of PCa patients with a
detection rate of 75% (17). Even small lymph node metastases less
than 8 mm in diameter were imaged clearly. However, the remaining
25% of patients with a low level of PSA were not recognized by '*F-
PSMA imaging. Similar to '"*F-PSMA PET/CT in the relationship
between the detection rate of BCR and PSA level, ®*Ga-PSMA PET/
CT had this limitation in some studies (18, 19). Rauscher et al.
analyzed subgroups of patients with very low (0.2-0.5 ng/ml) and low
(0.5-1.0 ng/ml) PSA values and found that the detection rates of
lesions in patients with recurred PCa were 55% (74/134) and 74%
(102/138), respectively (18). Derlin et al. investigated the imaging
efficacy of the ®*Ga-PSMA PET/CT with more PSA level
stratifications and presented much lower detection rates in patients
with low PSA (< 2 ng/ml) (19). However, this limitation could be
overlooked in castration-resistant prostate cancer (CRPC), which is
characterized by a rising PSA. Fourquet et al. performed PSMA-PET/
CT imaging in incomplete CRPC patients, which were defined as
non-metastatic PCa patients after ADT treatment (20). Even for
patients with PSA serum levels less than 2 ng/ml, the positive rate
of PSMA PET/CT imaging could reach 70%, suggesting the high
effectiveness of PSMA PET/CT imaging for CRPC-relevant diseases.

In addition, PSMA PET/CT imaging works well with the prognosis
of PCa. Liu et al. used **Ga-PSMA-617 PET/CT imaging semi-
quantitative analysis indicators as “imaging markers” to predict risk
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FIGURE 1

Maximum-intensity projections of PET examinations using **F-PSMA-1007 (A) and *®F-FDG (B). Axial PET/CT for *¥F-PSMA-1007 (C) and ‘®F-FDG (D)
Reprinted with permission from Zhou et al. (9). Copyright © 2021 Zhou, Li, Jiang, Wang, Chen, Shen, You, Lu, Liao, Li and Cheng

stratification and metastasis risk of PCa (21). Univariate logistic
regression models established by SUVmax, intraprostatic PSMA-
derived tumor volume (iPSMA-TV), and intraprostatic total lesion
PSMA (iTL-PSMA) could be able to efficiently previse high-risk PCa
with the sensitivity and specificity of 87.5% and 50%, 62.5% and 100%,
and 87.5% and 100%, respectively. A study performed by Roberts that
included 848 patients after radical prostatectomy found that the
SUVmax value of PSMA imaging lesions was remarkably negatively
correlated with biochemical recurrence-free survival (BRFS) (22).
Gleason score (GS) was also negatively correlated with BRF, and
SUVmax value was an independent predictor of BRES in patients.
Roberts et al. found that increased ®*Ga-PSMA-11 uptake is often
associated with poor pathological outcomes and provides prognostic
information for progression-free survival (23). Changes in PSMA
expression could be a predictive biomarker for overall survival, which
may assist in personalizing therapy for PCa patients (24). *Ga-PSMA-
11 PET/CT has a potential impact in guiding local lesion radiotherapy
planning, which can improve the survival of castration-resistant PCa
patients by adjusting the extent of radiotherapy (25). Under the
guidance of PSMA PET, the mean time to PSA progression or last
follow-up was 17.9 months with radiation therapy, compared with 2.9
months for patients without PSMA PET-guided local ablation radiation
therapy (26). Shagera’s retrospective evaluation of 37 patients with
metastatic hormone-sensitive or castration-resistant prostate cancer
(mHSPC or mCRPC) by testing the biochemical association between
responses and different PET parameters showed that **Ga-PSMA-11
PET/CT imaging could be an effective tool for evaluating the response of
metastatic PCa to taxane chemotherapy (27).

2.2 Neurotensin receptor 1
In addition to the specific molecular markers mentioned above, G

protein-coupled neurotensin receptor (NTR) and its ligand
neurotensin peptide (NT) have been suggested to play an important
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role in PCa. Inhibiting the pathway of NTR1 has been suggested as a
possible strategy to prevent the pathogenesis of this disease (28).
Morgat et al. performed a pilot study of the NTRI expression in 12
samples of normal prostate, 11 samples of benign prostatic
hyperplasia (BPH), 44 samples of PCa, and 15 samples of
metastatic lymph nodes (29). Compared with the negative NTR1
staining in normal prostate and BPH samples, 4 of the 44 primary
tumors (9.1%) and 5 of 15 metastatic lymph nodes (33.3%)
overexpressed NTRI, suggesting that NTR 1 may be a potential
biomarker of PCa, especially for metastatic lymph nodes. However,
the limited sample series seriously affects the reliability of this
conclusion, and a larger sample size is needed in future studies.

Nevertheless, studies have suggested that NTR1 may be another
molecular target that could complement PSMA imaging. Ma et al.
developed novel heterodimeric probes that targeted both PSMA and
NTRI1 and showed significant uptake in both NTR1-positive/PSMA-
negative PC-3 tumors and PSMA-positive/NTR1-negative LnCap
tumors (two androgen-sensitive PCa xenografts) at the animal level
(30). Zhang et al. used ®*Ga-DOTA-NT-20.3 animal PET imaging to
scan the mice that were xenografted with PC-3, an androgen-receptor
(AR)-positive, PCa cell line with no PSMA expression, suggesting that
NTRI may be a critical target for diagnosis or treatment of PCa
applications with limited PSMA expression levels (31). However, the
research of this tracer is still in the preclinical stage, and more
preclinical and clinical studies are necessary for the exploration of
its potential.

2.3 Fibroblast activation protein

First described as a cell surface antigen F19 in 1986, fibroblast
activation protein (FAP) is a 760 amino acid (AA)-glycoprotein and a
member of the dipeptidyl peptidase (DPP) family (32, 33). FAP shares
a high AA sequence homology with DPP4, leading to its high DPP
activity (34). In addition, endopeptidase activity for cleavage of
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benzyloxycarbonyl-glycine-proline-7-amino-4-methylcoumarin was
also found in FAP (33). Just as it initially caught people’s attention
for its existence in the mesenchyme of multiple cancers rather than
epithelial cells, FAP was found to be overexpressed in most epithelial
cancers and participate in the regulation of tumor growth and
metastasis, suggesting that FAP is a potential target for tumor
theranostic (35, 36). Currently, FAP inhibitors (FAPI) are mainly
used for FAP-targeted PET/CT imaging (37). In 2018, Loktev et al.
first reported that ®*Ga-FAPI-02 was used for the imaging of multiple
human malignant tumors and achieved good imaging results (38).
Kratochwil et al. tested the ®*Ga-FAPI-04 on 80 patients with 28 kinds
of tumors, in which PCa patients showed intermediate uptake of
%8Ga-FAPI-04 with SUV of 6-12 and TBR of 3-fold (39).

Kesch et al. developed tissue microarrays (TMAs) of prostate
tissues from 94 PCa patients at various stages, including primary PCa,
PCa receiving ADT, CRPC, and neuroendocrine prostate cancer
(NEPC), with anti-FAP antibody staining, and found the positive
correlation between FAP expression and disease advancement (40).
The tissues with the highest FAP expression were from CRPC
patients, suggesting the potential of FAPI imaging in advanced PCa,
especially CRPC. A series of case studies for the FAPI PET/CT
imaging on PSMA-negative CRPC also confirmed FAPI PET/CT
imaging’s ability to visualize the metabolic lesions and complement
the PSMA imaging (41-43). However, the issue of low sample size
should be improved by large-scale clinical trials in the future.

The other weakness of FAPI PET/CT imaging is its specificity on
tumor lesions. Xu et al. reported a case study of **Ga-DOTA-FAPI-04
on a PCa patient with arthritis. Compared with the prostate lesions,
the arthritis site presented higher uptake of FAPI, suggesting that
%8Ga-DOTA-FAPI-04 may also be visualized in inflammation,
possibly reducing its value in tumor diagnosis (44).

3 Additional PET agents for PCa
diagnosis

3.1 8F-fluorodeoxyglucose

For tumor PET imaging, '*F-fluorodeoxyglucose (‘*F-FDG) is
one of the most frequently used radiotracers. Fluorodeoxyglucose
(FDG) is a glucose analogue, which is highly absorbed in tumor
lesions mainly through glucose transporter-1 (GLUT1) because of its
involvement in tumor cell metabolism. It has been broadly applicated
in clinical diagnosis, staging analysis, prognosis prediction, and
treatment response monitoring of various tumors as a PET imaging
agent (45). However, some patients with well-differentiated PCa had
false negatives during clinical imaging (46). In addition, some benign
lesions, such as inflammation, can also take up '*F-FDG. Since the
prostate is close to the bladder and "*F-FDG is mostly egested through
the urinary tract, this limits its application in the primary tumor of
PCa due to the bladder urinalysis activity (9).

Although '®F-FDG imaging possesses limited accuracy on
primary PCa diagnosis and staging, high-grade PCa (GS= 8-10) and
more aggressive metastatic PCa showed higher glycolytic activity. In a
study of 148 PCa patients with biopsy GS > 8, '*F-FDG PET/CT
imaging detected lesions with high intraprostatic FDG uptake in 66%
of patients (47). Intraprostatic FDG uptake was positively correlated
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with higher pathological GS, seminal vesicle invasion, pathological
lymph node metastasis, and risk of BCR, suggesting that preoperative
intraprostatic FDG uptake is a composite factor for poor pathological
prognostic factors. In addition, '*F-FDG has a certain value in the
detection of primary lesions of CRPC. Chen et al. studied 56 cases of
CRPC with ®*Ga-PSMA and '*F-FDG PET/CT examinations (48).
Although overall the ®*Ga-PSMA is significantly better than '*F-FDG
PET/CT with a higher detection rate of 75.0% vs 51.8%, and more
positive lesions of 135 vs 95, the incidence of patients with **Ga-
PSMA-, 'F-FDG+ lesions was 23.2% (13/56), which could not be
ignored in the clinic. The PSA level and GS of patients with **Ga-
PSMA-~, "*F-FDG+ lesions were higher than those of patients without
%8Ga-PSMA—, '®F-FDG+ lesions, that 61.5% of patients with GS > 8
and PSA >79ng/mL carried the special lesions, suggesting that
CRPC patients with high GS and PSA may take advantage of '*F-
FDG PET/CT imaging. "*F-FDG-PET/CT is also of great value in the
diagnosis of bone metastases in high-grade PCa patients (GS=8). In
comparison with the bone scan, BE_EDG PET/CT is sensitive and
accurate in detecting bone metastases (sensitivity:100% vs 78.8%,
specificity: 98.7% vs 98.2%) (49).

'"E_-FDG PET imaging also has the ability to assess prognosis in
PCa patients. In the study of 94 patients with primary PCa who
underwent '*F-FDG imaging previous to the radical prostatectomy,
patients with higher SUVmax had poorer long-term survival (50).
Higher intensity tracer uptake is positively associated with GLUT1
expression, stage, pathological grade, and disease progression. '®F-
FDG PET whole-body total lesion glycolysis (TLG) is independently
associated with overall survival as a quantitative prognostic imaging
biomarker in mCRPC patients receiving abiraterone or enzalutamide
as first-line therapy (51). Studies have shown that SUV value and the
number of lesions are also independently associated with time to
hormonal therapy failure (THTF). When the sum of SUVs was
divided into quartile ranges, patients in the fourth quartile had
significantly lower odds of survival than patients in the first
quartile. Both SUV and '®F-FDG PET/CT-derived lesions provide
independent prognostic information for THTF in patients with
metastatic castration-sensitive PCa (52).

3.2 Choline

FDA approved the application of choline-based radiotracers (*'C
and '8F- choline) in 2012 for patients with biochemically relapsed
PCa. Now both ''C and '*F- choline have been applied to monitor the
curative effect in PCa patients. Wang et al. analyzed 46 studies and
found that the combined sensitivity and specificity of "*F-choline for
the detection of BCR of PCa were 0.93 (95% CI, 0.85-0.98) and 0.91
(95% CI, 0.73-0.97) (53). The combined detection rate was 66%, but
when PSA is in the ranges of <0.5, 0.5-0.99, 1.0-1.99, and >2 ng/ml,
the detection rates were 35%, 41%, 62%, 80%, respectively. Therefore,
although the choline tracer is suitable for the detection of BCR of PCa,
the detection rate is not ideal when the PSA value is very low.

"1C and "®F- choline also have implications in assessing prognosis
in PCa. Jimbo et al. showed that ''C-choline PET/CT assessment in
mCRPC patients receiving primary docetaxel chemotherapy could
predict overall treatment response and progression-free survival with
blood pool-corrected SUVmax during treatment (Figure 2) (54). The
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percent change in SUVmax was a significant predictor of complete
response, with a greater than 20% reduction in SUVmax in 57 of 77
patients (74%), who were 3.6 times more likely to have complete
remission than those patients with a reduction of SUVmax <20% after
6 cycles of primary docetaxel chemotherapy. Zhang et al. used ''C-
choline-PET to identify 89 patients with oligometastatic CRPC,
providing a better target for stereotactic ablative radiotherapy
(SABR) to improve the outcome with a median overall survival of
29.3 months (55). Garcia Vicente et al. conducted interim and end-of-
treatment '*F-Fluorocholine (FCH) PET/CT imaging in **’Ra-treated
CRPC and bone metastases patients, and the results were significantly
associated with both progression-free survival and overall survival,
suggesting that interim and end-of-treatment '*F-FCH PET/CT
imaging could be applied as predictors and even guidance during
the **’Ra therapy (56).

3.3 8F- Fluciclovine

'8E-fluciclovine (**F-FACBC) was first reported by Shoup in 1999
for brain tumor imaging (57). Based on the encouraging diagnostic
presentation and histologically confirmed data in patients with
biochemical recurrence PCa, the FDA and European Commission
(EC) approved '"*F-FACBC for diagnostic imaging in PCa patients
with elevated PSA after pre-treatment (58), and until recently, 18p.
FACBC imaging has been included in the National Comprehensive
Cancer Network (NCCN) guidelines for the management of BCR of
PCa. A previous phase II clinical trial found the sensitivity and
specificity of the scan to be 92.5% and 90.1%, respectively, for
primary PCa lesions (59). Uptake of '"®F-FACBC was significantly
increased in PCa primary lesions, and lesions with high GS (>3+4)
tended to show higher uptake rates compared with low GS lesions and
benign prostatic hyperplasia (60). In the diagnosis of lymph node

FIGURE 2

10.3389/fonc.2023.1072510

metastases, this study found that only 1 in 7 patients with metastatic
lymph nodes showed true positive results on '*F-FACBC PET/CT and
PET/MRI. Another multicenter phase II study of 40 regional lymph
nodes in 28 patients found that the sensitivity, specificity, diagnostic
accuracy, positive predictive value, and negative predictive value of '°F-
FACBC imaging in lymph node analysis were 57.1% (4/7), 84.8% (28/
33), 80.0% (32/40), 44.4% (4/9) and 90.3% (28/31), respectively (61).
'8E-.FACBC PET/CT imaging has no advantage in the diagnosis of bone
metastases either, possibly due to the low spatial resolution and partial
volume effects caused by necrotic and mucinous components in the
metastatic foci (62). A meta-analysis included 9 studies and found that
the pooled sensitivity and specificity of '®E-FACBC imaging of aged
PCa patients (including both primary and recurrent PCa) were 86.3%
and 75.9%, respectively, with a combined diagnostic odds ratio of
16.453 and heterogeneity of 30% (63). In the regional analysis, '°F-
FACBC-PET/CT owned a higher sensitivity and a lower specificity for
the assessment of tumors in the prostate bed than in the extraprostatic
region (90.4% vs 76.5%, 89% vs 45%, respectively). Filippi et al. studied
the clinical data of 81 patients who underwent '*F-FACBC PET/CT for
BCR of PCa (64). The detection rate of '*F-FACBC PET/CT in the
entire cohort accounted for 76.9%, and the positive predictive value was
96.7%. This modality played an impact on the clinical management in
33 of 81 patients (40.7%), resulting in a critical amendment in
treatment strategy in 30 subjects (90.9%). Like PSMA imaging, the
detection rate of FACBC imaging is positively correlated with the PSA
levels. When the PSA levels are in the range of 0.2-0.57, 0.58-0.99, 1-1.5
and >1.5 ng/ml, the detection rates of '*F-FACBC PET/CT were 66.7%,
71.4%, 78.9% and 90, respectively. However, even at a low PSA level,
'"F-FACBC PET/CT imaging preserves a much higher detection rate
than PSMA imaging, which is meaningful for the localization and
diagnosis of lesions and has a significant impact on
clinical management.

SUVmax PSA
(ng/mL)
14.4 0.55
0.0 0.15
0.0 0.10

HC-choline PET/CT imaging during the docetaxel chemotherapy for a good responder. Baseline (A), mid-course (B), and posttherapy (C) axial fused **C-
choline PET/CT images demonstrating markedly choline-avid right posterior iliac bone metastasis at baseline (arrow), while nearly none at mid-course
and posttherapy. Reprinted with permission from Jimbo et al. (54). Copyright ©2021 Wiley Periodicals LLC.
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4 Other experimental radiotracers
4.1 Gastrin-releasing peptide receptor

Gastrin-releasing peptide receptor (GRPR) is a G protein-coupled
receptor that is overexpressed in a variety of malignancies, such as
breast cancer, PCa, and small cell lung cancer (65). GRPR is one of the
subtypes of the bombesin (BBN) receptor, also called BB2r. As a
bombesin analog, gastrin-releasing peptide (GRP) spreads over the
peripheral nervous system and organs and primarily works in the
gastrointestinal system through GRPR (66). As mentioned, the critical
feature of GRPR is its overexpression in prostate tumor cells and
underexpression in normal prostate tissue. Therefore, multiple
radionuclides have been used to label bombesin analogs (GRPR
agonists and antagonists), which preserve the high affinity for
GRPR, to image tumors with high GRPR expressions (67, 68). At
present, a variety of GRPR agonists and antagonists have emerged
and been tagged with multiple radioisotopes. However, the GRPR
agonists induce some gastrointestinal side effects due to the activation
of GRPR. Compared with agonists, GRPR antagonists could provide
better visualization with high value in the diagnosis and staging of
PCa with less undesirable effects (69).

As one of the GRPR antagonists, RM26 was radiolabeled to trace the
GRPR in prostate tumor tissues. In Zhang’s study, both NOTA-RM26
and agonist BBN were labeled with ®*Ga to image the lesions in 22 PCa
patients (70). The results showed that the ®*Ga-RM26 tracer visualized
much more primary lesions and metastases with significantly higher
SUVmax than *®*Ga-BBN PET/CT (Figure 3). Bakker et al. performed
%%Ga-SB3 PET/CT imaging on 10 PCa patients before radical resection
with a sensitivity of 88% and a specificity of 88% in 16 lesions detected
by prostatectomy pathology, suggesting that ®*Ga-SB3 PET/CT could be
used for the detection and localization of primary PCa (71). Duan et al.
compared **Ga-RM2 PET imaging with multiparametric magnetic
resonance imaging (mpMRI) and *®*Ga-PSMA-11 PET on 41 patients
with the initial diagnosis of intermediate and high-risk PCa. **Ga-RM2
and *®*Ga-PSMA11 had similar sensitivity and accuracy of 98%, 89% and
95%, 89%, respectively, which are significantly higher than mpMRI with
77% and 77%, for the detection of intraprostatic lesions (72). The post-
prostatectomy histopathology also affirmed the ability of ®*Ga-RM2 PET
imaging with a detection rate of 93%.

Not only for the initial diagnosis of PCa, but GRPR-targeted PET
imaging could also take a role in the follow-up with the detection of
BCR. Minamimoto et al. conducted a prospective study of 32 patients
with BRC of PCa but negative imaging results on multiple
conventional imaging modalities (CT, MRI, and 99mT- MDP bone
scan) (73). Among the 32 participants, 23 individuals were recognized
through the **Ga-RM2 PET imaging, suggesting a detection rate of
71.8% in these patients without positive findings on conventional
imaging tools. Wieser et al. also collected 16 choline-PET/CT-
negative/indeterminate biochemically recurrent PCa patients to
evaluate the imaging ability of ®*Ga-RM2-PET/CT in detecting
metastatic tumors and found that tumors in 10 out of 16 patients
(62.5%) could be recognized by the ®*Ga-RM2-PET/CT imaging (74).
In addition, the expression of GRPR appears to be unassociated with
PSMA, suggesting that GRPR and PSMA-targeted PET imaging could
be complementary (75). Therefore, GRPR-targeted imaging could
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complement other conventional modalities. Thus, GRPR tracer
imaging is a promising tool for diagnosing and surveillance PCa
with its high detection rate. However, the low sample size in these
clinical trials critically affects the credibility of the evaluation of GRPR
tracer imaging. More clinical trials with larger sample sizes are
necessary for the future.

In conclusion, various imaging agents for the precision diagnosis
of primary and metastatic PCa are under study, with both advantages
and disadvantages (Table 1). Although there is no 100% satisfactory
imaging agent for PCa at present, with the in-depth research on
current imaging agents and the development of new imaging agents,
multi-target combined imaging or individualized imaging may bring
better clinical value to PCa patients.

5 Novel methods for intraoperative
guidance of PCa precision surgery

Compared to diagnostic imaging tracers, there are fewer tracers
available for guidance during PCa surgery. Herein, we present some
novel intraoperative tracers, which are promising methods for PCa
precision surgery in the future.

5.1 Novel methods for intraoperative tumor
lesion tracing

Indocyanine green (ICG), one of the most common near-infrared
(NIR) fluorophores for fluorescence-guided surgery (FGS), has been
approved by the FDA for more than 60 years. It is a 776 Da,
amphiphilic tricarbocyanine, water-soluble, and anionic probe. It
binds to protein quickly and is confined to the intravascular
compartment through intravenous injection (76). The half-life of
ICG is 150-180 seconds, and it has low toxicity. Glutathione S-
transferase, a transport protein, is able to make ICG through the
liver and excrete into bile totally; thus, ICG can be administered
repeatedly every 15 minutes during surgery to label the tissue (77).
Due to its relatively low cost and widespread availability, ICG is
widely used in urologic surgery, including laparoscopic and robotic
adrenalectomy procedures (78, 79). In laparoscopic robot-assisted
radical prostatectomy (RARP), Mangano et al. used ICG with NIR
fluorescence to guide the preservation of the neurovascular bundle
(80). Tobis et al. adopted ICG to highlight the renal vasculature and
distinguish between normal and malignant tissue (81). Rho et al. used
CT to guide the penetration of ICG through fluorescence
thoracoscopy, precise location and margin resection of the
radiopaque lesions were confirmed via C-arm fluoroscopy, and
pulmonary nodules were resected with an endostapler (82). As a
result, the ICG imaging guided pulmonary nodule removal was 100%
in the 24 patients. However, due to the nature that ICG is a non-
targeted probe with suboptimal emission characteristics for NIR-II
detection, it cannot distinguish between benign and malignant
tumors and can be accumulated by other tissues, which may cause
false positives (83). This disadvantage was shown by Tummers et al.
in a study on oncologic procedures of fluorescence-guided surgery
with a high false-positive rate (62%) for the application of ICG (84).
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FIGURE 3
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Comparison of ®®Ga-RM26 PET/CT (A), and °8Ga-BBN PET/CT (B) in a 73-y-old man diagnosed as having PCa (white arrow) with lymph node
involvement (red arrow) and bone metastasis (yellow arrow) before prostatectomy. ®8Ga-RM26 PET/CT detected primary tumors, multiple lymph node
involvement, and bone metastasis lesion, whereas those lesions showed much lower uptake on ®®Ga-BBN PET/CT. Reprinted with permission from
Zhang et al. (70). Copyright © 2018 by the Society of Nuclear Medicine and Molecular Imaging

As mentioned, PSMA is a type II integral membrane glycoprotein
that shows elevated expression in the majority of PCa cells (85). It is a
marvelous target for image-based intraoperative guidance for
accurate tumor identification due to three reasons. First, PSMA is
exclusively overexpressed on tumor cells of primary PCa lesions,
while its expression is consistently low in healthy prostate tissues.
Second, the expression level of PSMA correlates with the Gleason
grading of PCa lesions. Last, binding with the extracellular domain of
PSMA normally induces internalization of the imaging agents,
resulting in substantial retention of the labeling inside the tumor
lesions (86). PSMA radio-guided surgery (PSMA-RGS) has been
approved to be an efficient method for resecting primary tumors
and metastatic lymph nodes (87).

Intravenous injection of '''In-labeled PSMA-I&T to PCa patients
during surgery has enabled the visualization of metastatic lymph
nodes, which are normally unobtrusive and unrecognizable (88).
Clinically, in patients undergoing salvage lymphadenectomy, the
"n-PSMA-RGS allows intraoperative detection of small lymph
node metastases with high specificity and sensitivity (89). In
addition, the '"'In-PSMA-617 tracer also helped surgeons deal with
unidentified pelvic lymph node metastases in situ during the surgery
and resected ex vivo tissue samples to prove the successful removal
(90). Except for ''In-labeled PSMA ligands for detecting metastases
of PCa, Robu et al. explored another ligand named **™Tc-mas3-y-nal-
k(Sub-KuE) for PCa imaging (91). Clinically, **™Tc is preferable to
"!In, as it provides low-energy gamma rays that are more suitable for
RGS due to the high sensitivity of gamma probes for collimation, and
9mT ¢ has a much shorter half-life (6 hours) than *'In (2.8 days),
resulting in faster pharmacokinetics and lower radiation exposure for
both patients and nuclear medical professionals (92).
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The hybrid tracer ICG-"*"Tc-nanocolloid combining fluorescent
dye ICG with the radioactive **™Tc-nanocolloid, not only offers
preoperative sentinel node (SN) mapping, but also provides better
optical surgical guidance (93). The tracer shows no leakage into the
surgical field and provides a depth estimation (>0.5-1 cm) of the
nodal location, which helps to prevent surgery-related side effects
(94). Another study also approved the value of the hybrid tracer in the
surgical identification of lymph nodes (95). Overall, one obvious
advantage of the ICG-**™Tc-nanocolloid tracer is that it can enable
visualization of any tumor lesion or SN in their anatomical context
during surgery, and its application is independent of the order of
resection (primary tumor or metastasis) or the surgical setting (open
or laparoscopic) (94).

5.2 Novel methods for nerve protection in
PCa surgery

Tatrogenic nerve injuries are common in prostatectomy, 20% of
postoperative patients suffer from urinary incontinence, and many
patients experience erectile dysfunction, which can only be partially
mitigated by existing nerve-sparing surgical techniques. It is
challenging to intraoperatively identify the specific location of
buried small peripheral nerves (PNs), but the endeavor to find new
ways to protect PN is significant (96, 97). To meet the clinical need,
an ideal method for imaging PNs during the intraoperative procedure
should possess the following features. First, a high specificity and a
good signal-to-noise ratio are essential. Second, real-time and long-
term imaging is vital for PNs to be recognized and retained during
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TABLE 1 Pros and cons of PET imaging agents for prostate cancer.
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Tracers Applications Advantages Limitations
PSMA Diagnosis and staging 1. Excellent TBR; 1. The detection of lesions is affected by the GS;
2. High sensitivity and specificity to the primary tumor and lymph 2. Imaging of non-metastatic CRPC patients is greatly
node metastases; affected by PSA level;
3. Combined with MRI has a good advantage in identifying CRPC; 3. Sensitivity for the diagnosis of bone metastases is affected
4. FDA approved. by PSA;
4. Positive on some benign lesions and non-PCa tumors.
Curative effect 1. A good localization function on recurrent PCa; The detection rate for patients with BCR is affected by PSA
monitoring and prognosis | 2. A valuable predictive biomarker for risk stratification and level and GS.
evaluation metastasis;
3. Be good at predicting overall survival and BRFS;
4. An excellent guidance for local lesion radiotherapy plan;
5. Works well in chemotherapy evaluation.
NTRI1 Preclinical studies 1. Clearly expressed in NEPC with low PSMA expression, that could = A start-up tracer only for preclinical studies.
be another molecular target that may complement PSMA imaging;
2. Works well on lymph node metastases.
FAPI Diagnosis and staging 1. Independent from blood glucose level, no need for prior rest, and | False positives due to the uptake of FAPI in benign lesions.
fast image acquisition;
2. FAP imaging has the potential to guide the treatment of mCRPC;
3. Highly positive in patients with advanced CRPC
FDG Diagnosis and staging 1. Wide range of clinical applications and easy to access; 1. False negatives with well-differentiated PCa;
2. High detection rate for CRPC. 2. False positive on some benign tissues;
3. Short half-life;
4. Low efficiency in primary PCa diagnosis;
5. Low sensitivity for lymph node metastases.
Curative effect Preoperative intraprostatic FDG uptake is a good prognostic factor
monitoring and prognosis | for poor pathology
evaluation
Choline Diagnosis and staging 1. High specificity for the diagnosis of lymph node metastases; 1. Much affected by neoadjuvant ADT;
2. More specific to bone metastases than bone scans. 2. Low sensitivity to lymph node metastases (but better than
traditional MRI);
3. Poor imaging of osteogenic bone metastases;
4. Less sensitive to bone metastases than bone scans
Curative effect Well prognose mCRPC patients during chemotherapy or **’Ra Not suitable for localization of lymph node metastases in
monitoring and prognosis | treatment. patients with BCR, especially in the setting of low PSA
evaluation values.
FACBC Diagnosis and staging 1. The diagnosis of lymph node metastases is superior to choline 1. Limited role in local staging of PCa
PET imaging; 2. False positive due to being non-specifically absorbed by
2. The overall sensitivity is higher in the prostate bed than in the benign prostatitis tissue;
extraprostatic region. 3. The uptake was affected by GS;
4. Not suitable for bone metastases.
Curative effect 1. Little affected by clinicopathological parameters; The localization and diagnosis of lesions in patients with
monitoring and prognosis | 2. Works well for PCa restaging. BCR are affected by the level of PSA
evaluation
GRPR Diagnosis and staging 1. High detection sensitivity, specificity, and accuracy; 1. Low sensitivity to lymph node metastases;
2. Independent of PSMA expression. 2. Poor detection of bone metastases.
Curative effect Lesion detection in patients with BCR of PCa is better than Affected by PSA growth rate.
monitoring and prognosis | traditional imaging and choline PET/CT.
evaluation

surgery (98). Third, the imaging probes should have good biosafety.
Last, the cost should be low enough for clinical use (97).
Neurovascular dyes such as ICG and fluorescein have been used to
highlight PNs in clinical settings (96). It has been shown that
fluorescein was applied to visualize abnormal peroneal nerves in
ganglion cyst excision procedures (99). Recently, ICG has been used
to help protect critical functional structures in prostatectomy by
enabling the identification of all neurovascular bundles without
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increasing the operative time or complications (Figure 4) (80).
These promising data indicate that iatrogenic injury can be
prevented, and the operative time can be shortened with the help of
fluorescence-guided imaging. According to the clinical study
performed by Jin et al,, in patients with ICG injected 24 hours prior
to surgery, the pelvic autonomic nerves can be intraoperatively seen
clearly under a NIR ray (Figure 5) (100). Due to the ubiquity of such
fluorophores, it is foreseeable that surgeons will attempt the
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FIGURE 4

Prostate vascularization and neurovascular bundles by ICG. Reprinted
with permission from Mangano et al. (80). Copyright © 2017

Wichtig Publishing.

fluorescent nerve-targeting agents more frequently in their clinical
practice (96). However, the agents can have light penetrance through
the tissue of greater than 5-6 mm. Such a deep penetration causes
increased light scatter, thus obscuring the specific location of PNs. In
addition, ICG is not a targeted dye, and it is not able to distinguish the
nerve bundle from other tissues. For example, in the surgery for deep
endometriosis, the ischemic lesion, the hypogastric nerve, the pelvic
plexus, and the ureter were all dyed by ICG (101).

Extensive studies have reported that PCa tumor progression is
favored by innervation. Magnon et al. reported that the formation of
autonomic nerve fibers in the prostate gland regulates the development
and dissemination of PCa (102). Therefore, biomarkers for innervation
and effective visualization methods are necessary to assess nerve density
in PCa. Nerve peptide 41 (NP41) has been found as a marker to
highlight peripheral nerve tissue, and fluorescent-labeled NP41 can be
visualized through its binding to the motor and sensory nerves in live
mice (103, 104). Hingorani et al. reported that NP41 had the best nerve-
to-non-nerve contrast compared to other peptides like NP38, 40, and 42,
and the average nerve-to-non-nerve signal ratio increases by 17% under
fluorescent imaging compared to white light (105). NP41 is considered
an excellent agent for in vivo tracking of nerves in rodents. Since NP41
specifically targets nerves in PCa, it has the potential for visualizing
nerve density and tumor innervation in PCa. The nanoprobes
named propranolol-loaded-superparamagnetic iron oxide (SPIO)-
NP41 nanoparticles (PSN NPs) have been used to assess the nerve
density of PCa with high sensitivity and high specificity in mice
(106). Since PSN NPs had an exclusive accumulation at the tumor
site, benefiting the targeted delivery of propranolol, this study
showed that PSN NPs inhibited PCa tumor growth by blocking
the interaction between tumor cells and sympathetic nerves in the
neural tumor microenvironment.

Nevertheless, existing data on applying NP41 to ex vivo human
nerve tissue provided little contrast compared to muscle (105). Hence,
human NP401 (HNP401), a peptide that binds to and highlights
human autonomic and motor/sensory nerves, was identified for
improving the labeling of human nerves, especially for the human
prostate gland, suggesting its potential guidance role in the
prostatectomy for PCa patients.
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FIGURE 5

Autonomic pelvic nerves under the fuorescence (A) and under the
white light (B), the sacral plexus of autonomic pelvic nerves are
displayed very clearly under NIR ray (white arrows) but not clearly
under white light. Reprinted with permission from Jin et al. (100).
Copyright ®The Author(s), under exclusive licence to Springer Science
+Business Media, LLC, part of Springer Nature 2021.

6 Expectation

Accurate and sensitive imaging using molecular probes is a
promising and impactful method for early diagnosis of PCa. In
addition, with molecular imaging-based intraoperative guidance,
surgeons can achieve precise resection of the malignant PCa tumor
as well as the metastatic lymph node, which is the trend in precision
medicine. During prostatectomy, including robot-assisted radical
prostatectomy (RARP), to maintain the function of the urinary
system and erection postoperatively, fluorescent dye or labeled
peptide hold great value in enabling visualization and protecting
nerve bundles. Although each has disadvantages and limitations, all
the novel methods discussed above are essential for developing early
diagnosis and effective therapy of PCa. With endless exploration and
research, more tracers with higher efficiency will appear to improve
the precision theranostic of PCa.

Author contributions

YT, KL and HZ conceived the theme. YT, ZF and YXT conducted
the writing of the manuscript. YT and ZF prepared the figures and

frontiersin.org


https://doi.org/10.3389/fonc.2023.1072510
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Tan et al.

tables. KL and HZ edited and finalized this manuscript. All authors
contributed to the article and approved the submitted version.

Funding

This work was funded by National Natural Science Foundation of
China (No: 91859207) and Houston Methodist Cornerstone
Award (HZ).

Acknowledgments

The authors would like to thank Dr. Rebecca Danforth for
proofreading the manuscript.

References

1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA: A Cancer ]
Clin (2022) 72(1):7-33. doi: 10.3322/caac.21708

2. Mottet N, van den Bergh RCN, Briers E, Van den Broeck T, Cumberbatch MG, De
Santis M, et al. Eau-Eanm-Estro-Esur-Siog guidelines on prostate cancer-2020 update.
part 1: Screening, diagnosis, and local treatment with curative intent. Eur Urol (2021) 79
(2):243-62. doi: 10.1016/j.eururo.2020.09.042

3. Schollhammer R, De Clermont Gallerande H, Yacoub M, Quintyn Ranty ML,
Barthe N, Vimont D, et al. Comparison of the radiolabeled psma-inhibitor (111)in-Psma-
617 and the radiolabeled grp-r antagonist (111)in-Rm2 in primary prostate cancer
samples. EINMMI Res (2019) 9(1):52. doi: 10.1186/s13550-019-0517-6

4. Cacciamani GE, Shakir A, Tafuri A, Gill K, Han J, Ahmadi N, et al. Best practices in
near-infrared fluorescence imaging with indocyanine green (Nirf/Icg)-guided robotic
urologic surgery: A systematic review-based expert consensus. World ] Urol (2020) 38
(4):883-96. doi: 10.1007/s00345-019-02870-z

5. Eardley I. Fda approves a second psma targeting agent for pet imaging in men with
prostate cancer. BJU Int (2021) 128(2):127-30. doi: 10.1111/bju.15538

6. Perera M, Papa N, Roberts M, Williams M, Udovicich C, Vela I, et al. Gallium-68
prostate-specific membrane antigen positron emission tomography in advanced prostate
cancer-updated diagnostic utility, sensitivity, specificity, and distribution of prostate-
specific membrane antigen-avid lesions: A systematic review and meta-analysis. Eur Urol
(2020) 77(4):403-17. doi: 10.1016/j.eururo.2019.01.049

7. Huang YT, Tseng NC, Chen YK, Huang KH, Lin HY, Huang YY, et al. The
detection performance of 18 f-Prostate-Specific membrane antigen-1007 Pet/Ct in
primary prostate cancer : A systemic review and meta-analysis. Clin Nucl Med (2022)
47(9):755-62. doi: 10.1097/rlu.0000000000004228

8. Hofman MS, Lawrentschuk N, Francis RJ, Tang C, Vela I, Thomas P, et al. Prostate-
specific membrane antigen pet-ct in patients with high-risk prostate cancer before
curative-intent surgery or radiotherapy (Propsma): A prospective, randomised,
multicentre study. Lancet (London England) (2020) 395(10231):1208-16. doi: 10.1016/
50140-6736(20)30314-7

9. ZhouX, LiY, Jiang X, Wang X, Chen S, Shen T, et al. Intra-individual comparison of
18f-Psma-1007 and 18f-fdg Pet/Ct in the evaluation of patients with prostate cancer.
Front Oncol (2020) 10:585213. doi: 10.3389/fonc.2020.585213

10. Gorin MA, Rowe SP, Patel HD, Vidal I, Mana-Ay M, Javadi MS, et al. Prostate
specific membrane antigen targeted (18)F-dcfpyl positron emission Tomography/
Computerized tomography for the preoperative staging of high risk prostate cancer:
Results of a prospective, phase ii, single center study. J Urol (2018) 199(1):126-32.
doi: 10.1016/j.juro.2017.07.070

11. Hinsenveld FJ, Wit EMK, van Leeuwen PJ, Brouwer OR, Donswijk ML, Tillier CN,
et al. Prostate-specific membrane antigen Pet/Ct combined with sentinel node biopsy for
primary lymph node staging in prostate cancer. ] Nucl Med Off publication Soc Nucl Med
(2020) 61(4):540-5. doi: 10.2967/jnumed.119.232199

12. Liu F, Dong J, Shen Y, Yun C, Wang R, Wang G, et al. Comparison of Pet/Ct and
mri in the diagnosis of bone metastasis in prostate cancer patients: A network analysis of
diagnostic studies. Front Oncol (2021) 11:736654. doi: 10.3389/fonc.2021.736654

13. Harmon SA, Bergvall E, Mena E, Shih JH, Adler S, McKinney Y, et al. A
prospective comparison of (18)F-sodium fluoride Pet/Ct and psma-targeted (18)F-
dcfbe Pet/Ct in metastatic prostate cancer. ] Nucl Med (2018) 59(11):1665-71.
doi: 10.2967/jnumed.117.207373

14. Van Damme J, Tombal B, Collette L, Van Nieuwenhove S, Pasoglou V, Gerard T,
et al. Comparison of (68)Ga-prostate specific membrane antigen (Psma) positron
emission tomography computed tomography (Pet-ct) and whole-body magnetic

Frontiers in Oncology

10.3389/fonc.2023.1072510

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.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated 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.

resonance imaging (Wb-mri) with diffusion sequences (Dwi) in the staging of
advanced prostate cancer. Cancers (2021) 13(21):5286. doi: 10.3390/cancers13215286

15. Demirci E, Has Simsek D, Kabasakal L, Miilazimoglu M. Abdominal splenosis
mimicking peritoneal metastasis in prostate-specific membrane antigen Pet/Ct, confirmed
with selective spleen Spect/Ct. Clin Nucl Med (2017) 42(12):e504-e5. doi: 10.1097/
rlu.0000000000001878

16. Plichta KA, Graves SA, Buatti JM. Prostate-specific membrane antigen (Psma)
theranostics for treatment of oligometastatic prostate cancer. Int ] Mol Sci (2021) 22
(22):12095. doi: 10.3390/ijms222212095

17. Giesel FL, Will L, Kesch C, Freitag M, Kremer C, Merkle ], et al. Biochemical
recurrence of prostate cancer: Initial results with [&Lt;Sup<18&Lt;/Sup<F]Psma-1007
Pet/Ct. ] Nucl Med (2018) 59(4):632. doi: 10.2967/jnumed.117.196329

18. Rauscher I, Dawel C, Haller B, Rischpler C, Heck MM, Gschwend JE, et al. Efficacy,
predictive factors, and prediction nomograms for (68)Ga-labeled prostate-specific
membrane antigen-ligand positron-emission Tomography/Computed tomography in
early biochemical recurrent prostate cancer after radical prostatectomy. Eur Urol
(2018) 73(5):656-61. doi: 10.1016/j.eururo.2018.01.006

19. Derlin T, Schmuck S, Juhl C, Zorgiebel ], Schneefeld SM, Walte ACA, et al. Psa-
stratified detection rates for [(68)Ga] Thp-psma, a novel probe for rapid kit-based (68)Ga-
labeling and pet imaging, in patients with biochemical recurrence after primary therapy
for prostate cancer. Eur ] Nucl Med Mol Imaging (2018) 45(6):913-22. doi: 10.1007/
500259-017-3924-9

20. Fourquet A, Aveline C, Cussenot O, Créhange G, Montravers F, Talbot JN, et al.
(68)Ga-Psma-11 Pet/Ct in restaging castration-resistant nonmetastatic prostate cancer:
Detection rate, impact on patients' disease management and adequacy of impact. Sci Rep
(2020) 10(1):2104. doi: 10.1038/s41598-020-58975-8

21. Liu C, Liu T, Zhang N, Liu Y, Li N, Du P, et al. (68)Ga-Psma-617 Pet/Ct: A
promising new technique for predicting risk stratification and metastatic risk of prostate
cancer patients. Eur ] Nucl Med Mol Imaging (2018) 45(11):1852-61. doi: 10.1007/s00259-
018-4037-9

22. Roberts MJ, Morton A, Papa N, Franklin A, Raveenthiran S, Yaxley WJ, et al.
Primary tumour psma intensity is an independent prognostic biomarker for biochemical
recurrence-free survival following radical prostatectomy. Eur ] Nucl Med Mol Imaging
(2022) 49(9):3289-94. doi: 10.1007/500259-022-05756-2

23. Roberts MJ, Morton A, Donato P, Kyle S, Pattison DA, Thomas P, et al. (68)Ga-
psma Pet/Ct tumour intensity pre-operatively predicts adverse pathological outcomes and
progression-free survival in localised prostate cancer. Eur ] Nucl Med Mol Imaging (2021)
48(2):477-82. doi: 10.1007/s00259-020-04944-2

24. Vlachostergios PJ, Niaz MJ, Sun M, Mosallaie SA, Thomas C, Christos PJ, et al.
Prostate-specific membrane antigen uptake and survival in metastatic castration-resistant
prostate cancer. Front Oncol (2021) 11:630589. doi: 10.3389/fonc.2021.630589

25. Calais J, Kishan AU, Cao M, Fendler WP, Eiber M, Herrmann K, et al.
Potential impact of (68)Ga-Psma-11 Pet/Ct on the planning of definitive radiation
therapy for prostate cancer. ] Nucl Med (2018) 59(11):1714-21. doi: 10.2967/
jnumed.118.209387

26. Lohaus F, Zophel K, Lock S, Wirth M, Kotzerke J, Krause M, et al. Can local
ablative radiotherapy revert castration-resistant prostate cancer to an earlier stage of
disease? Eur Urol (2019) 75(4):548-51. doi: 10.1016/j.eururo.2018.11.050

27. Shagera QA, Artigas C, Karfis I, Critchi G, Chanza NM, Sideris S, et al. (68)Ga-
psma Pet/Ct for response assessment and outcome prediction in metastatic prostate
cancer patients treated with taxane-based chemotherapy. J Nucl Med (2022) 63(8):1191-8.
doi: 10.2967/jnumed.121.263006

frontiersin.org


https://doi.org/10.3322/caac.21708
https://doi.org/10.1016/j.eururo.2020.09.042
https://doi.org/10.1186/s13550-019-0517-6
https://doi.org/10.1007/s00345-019-02870-z
https://doi.org/10.1111/bju.15538
https://doi.org/10.1016/j.eururo.2019.01.049
https://doi.org/10.1097/rlu.0000000000004228
https://doi.org/10.1016/s0140-6736(20)30314-7
https://doi.org/10.1016/s0140-6736(20)30314-7
https://doi.org/10.3389/fonc.2020.585213
https://doi.org/10.1016/j.juro.2017.07.070
https://doi.org/10.2967/jnumed.119.232199
https://doi.org/10.3389/fonc.2021.736654
https://doi.org/10.2967/jnumed.117.207373
https://doi.org/10.3390/cancers13215286
https://doi.org/10.1097/rlu.0000000000001878
https://doi.org/10.1097/rlu.0000000000001878
https://doi.org/10.3390/ijms222212095
https://doi.org/10.2967/jnumed.117.196329
https://doi.org/10.1016/j.eururo.2018.01.006
https://doi.org/10.1007/s00259-017-3924-9
https://doi.org/10.1007/s00259-017-3924-9
https://doi.org/10.1038/s41598-020-58975-8
https://doi.org/10.1007/s00259-018-4037-9
https://doi.org/10.1007/s00259-018-4037-9
https://doi.org/10.1007/s00259-022-05756-2
https://doi.org/10.1007/s00259-020-04944-2
https://doi.org/10.3389/fonc.2021.630589
https://doi.org/10.2967/jnumed.118.209387
https://doi.org/10.2967/jnumed.118.209387
https://doi.org/10.1016/j.eururo.2018.11.050
https://doi.org/10.2967/jnumed.121.263006
https://doi.org/10.3389/fonc.2023.1072510
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Tan et al.

28. Zhu S, Tian H, Niu X, Wang J, Li X, Jiang N, et al. Neurotensin and its receptors
mediate neuroendocrine transdifferentiation in prostate cancer. Oncogene (2019) 38
(24):4875-84. doi: 10.1038/s41388-019-0750-5

29. Morgat C, Chastel A, Molinie V, Schollhammer R, Macgrogan G, Velasco V, et al.
Neurotensin receptor-1 expression in human prostate cancer: A pilot study on primary
tumors and lymph node metastases. Int ] Mol Sci (2019) 20(7):1721. doi: 10.3390/
ijms20071721

30. Ma X, Wang M, Wang H, Zhang T, Wu Z, Sutton MV, et al. Development of
bispecific nt-psma heterodimer for prostate cancer imaging: A potential approach to
address tumor heterogeneity. Bioconjugate Chem (2019) 30(5):1314-22. doi: 10.1021/
acs.bioconjchem.9b00252

31. Zhang-Yin ], Provost C, Cancel-Tassin G, Rusu T, Penent M, Radulescu C, et al. A
comparative study of peptide-based imaging agents [(68)Ga]Ga-Psma-11, [(68)Ga]Ga-
amba, [(68)Ga]Ga-Nodaga-Rgd and [(68)Ga]Ga-Dota-Nt-20.3 in preclinical prostate
tumour models. Nucl Med Biol (2020) 84-85:88-95. doi: 10.1016/
j.nucmedbio.2020.03.005

32. Rettig WJ, Chesa PG, Beresford HR, Feickert HJ, Jennings MT, Cohen J, et al.
Differential expression of cell surface antigens and glial fibrillary acidic protein in human
astrocytoma subsets. Cancer Res (1986) 46(12 Pt 1):6406-12.

33. Aertgeerts K, Levin I, Shi L, Snell GP, Jennings A, Prasad GS, et al. Structural and
kinetic analysis of the substrate specificity of human fibroblast activation protein alpha. J
Biol Chem (2005) 280(20):19441-4. doi: 10.1074/jbc.C500092200

34. Goldstein LA, Ghersi G, Pifieiro-Sanchez ML, Salamone M, Yeh Y, Flessate D, et al.
Molecular cloning of seprase: A serine integral membrane protease from human
melanoma. Biochim Biophys Acta (1997) 1361(1):11-9. doi: 10.1016/50925-4439(97)
00032-x

35. Garin-Chesa P, Old LJ, Rettig WJ. Cell surface glycoprotein of reactive stromal
fibroblasts as a potential antibody target in human epithelial cancers. Proc Natl Acad Sci
United States America (1990) 87(18):7235-9. doi: 10.1073/pnas.87.18.7235

36. Fitzgerald AA, Weiner LM. The role of fibroblast activation protein in health and
malignancy. Cancer metastasis Rev (2020) 39(3):783-803. doi: 10.1007/s10555-020-
09909-3

37. Dendl K, Koerber SA, Kratochwil C, Cardinale J, Finck R, Dabir M, et al. Fap and
fapi-Pet/Ct in malignant and non-malignant diseases: A perfect symbiosis? Cancers
(2021) 13(19):4946. doi: 10.3390/cancers13194946

38. Loktev A, Lindner T, Mier W, Debus J, Altmann A, Jiger D, et al. A tumor-imaging
method targeting cancer-associated fibroblasts. J Nucl Med (2018) 59(9):1423-9.
doi: 10.2967/jnumed.118.210435

39. Kratochwil C, Flechsig P, Lindner T, Abderrahim L, Altmann A, Mier W, et al. (68)
Ga-fapi Pet/Ct: Tracer uptake in 28 different kinds of cancer. J Nucl Med (2019) 60
(6):801-5. doi: 10.2967/jnumed.119.227967

40. Kesch C, Yirga L, Dendl K, Handke A, Darr C, Krafft U, et al. High fibroblast-
Activation-Protein expression in castration-resistant prostate cancer supports the use of
fapi-molecular theranostics. Eur J Nucl Med Mol Imaging (2021) 49(1):385-9.
doi: 10.1007/500259-021-05423-y

41. Khreish F, Rosar F, Kratochwil C, Giesel FL, Haberkorn U, Ezziddin S. Positive
fapi-Pet/Ct in a metastatic castration-resistant prostate cancer patient with psma-
Negative/Fdg-Positive disease. Eur J Nucl Med Mol Imaging (2020) 47(8):2040-1.
doi: 10.1007/500259-019-04623-x

42. Isik EG, Has-Simsek D, Sanli O, Sanli Y, Kuyumcu S. Fibroblast activation protein-
targeted pet imaging of metastatic castration-resistant prostate cancer compared with
68ga-psma and 18f-fdg Pet/Ct. Clin Nucl Med (2022) 47(1):e54-e5. doi: 10.1097/
rlu.0000000000003837

43. Aryana K, Manafi-Farid R, Amini H, Divband G, Moghadam SZ. 68ga-Fapi-46
Pet/Ct in a metastatic castration-resistant prostate cancer patient with low psma
expression. Clin Nucl Med (2022) 47(11):972-3. doi: 10.1097/RLU.0000000000004315

44. Xu T, Zhao Y, Ding H, Cai L, Zhou Z, Song Z, et al. [(68)Ga]Ga-Dota-Fapi-04 Pet/
Ct imaging in a case of prostate cancer with shoulder arthritis. Eur J Nucl Med Mol
Imaging (2021) 48(4):1254-5. doi: 10.1007/s00259-020-05028-x

45. Borea R, Favero D, Miceli A, Donegani MI, Raffa S, Gandini A, et al. Beyond
the prognostic value of 2-[(18)F]Fdg Pet/Ct in prostate cancer: A case series and
literature review focusing on the diagnostic value and impact on patient
management. Diagnostics (Basel Switzerland) (2022) 12(3):581. doi: 10.3390/
diagnostics12030581

46. Jadvar H. Imaging evaluation of prostate cancer with 18f-fluorodeoxyglucose Pet/
Ct: Utility and limitations. Eur ] Nucl Med Mol Imaging (2013) 40 Suppl 1(0 1):S5-10.
doi: 10.1007/500259-013-2361-7

47. Lavallée E, Bergeron M, Buteau FA, Blouin AC, Duchesnay N, Dujardin T,
et al. Increased prostate cancer glucose metabolism detected by (18)F-
fluorodeoxyglucose positron emission Tomography/Computed tomography in
localised Gleason 8-10 prostate cancers identifies very high-risk patients for early
recurrence and resistance to castration. Eur Urol Focus (2019) 5(6):998-1006.
doi: 10.1016/j.euf.2018.03.008

48. Chen R, Wang Y, Zhu Y, Shi Y, Xu L, Huang G, et al. The added value of (18)F-fdg
Pet/Ct compared with (68)Ga-psma Pet/Ct in patients with castration-resistant prostate
cancer. ] Nucl Med (2022) 63(1):69-75. doi: 10.2967/jnumed.120.262250

49. Otis-Chapados S, Goulet CR, Dubois G, Lavallée E, Dujardin T, Fradet Y, et al. (18)
F-fluorodeoxyglucose positron emission Tomography/Computed tomography (Pet/Ct) is
accurate for high-grade prostate cancer bone staging when compared to bone
scintigraphy. Can Urological Assoc ] = ] I'Association Des urologues du Canada (2021)
15(10):301-7. doi: 10.5489/cuaj.7107

Frontiers in Oncology

1

10.3389/fonc.2023.1072510

50. Meziou S, Ringuette Goulet C, Hovington H, Lefebvre V, Lavallée E, Bergeron M,
et al. Glutl expression in high-risk prostate cancer: Correlation with (18)F-Fdg-Pet/Ct
and clinical outcome. Prostate Cancer prostatic Dis (2020) 23(3):441-8. doi: 10.1038/
541391-020-0202-x

51. Wibmer AG, Morris MJ, Gonen M, Zheng J, Hricak H, Larson S, et al.
Quantification of metastatic prostate cancer whole-body tumor burden with (18)F-fdg
pet parameters and associations with overall survival after first-line abiraterone or
enzalutamide: A single-center retrospective cohort study. J Nucl Med Off publication
Soc Nucl Med (2021) 62(8):1050-6. doi: 10.2967/jnumed.120.256602

52. Jadvar H, Velez EM, Desai B, Ji L, Colletti PM, Quinn DI. Prediction of time to
hormonal treatment failure in metastatic castration-sensitive prostate cancer with (18)F-
fdg Pet/Ct. ] Nucl Med Off publication Soc Nucl Med (2019) 60(11):1524-30. doi: 10.2967/
jnumed.118.223263

53. Wang R, Shen G, Huang M, Tian R. The diagnostic role of (18)F-choline, (18)F-
fluciclovine and (18)F-psma Pet/Ct in the detection of prostate cancer with biochemical
recurrence: A meta-analysis. Front Oncol (2021) 11:684629. doi: 10.3389/
fonc.2021.684629

54. Jimbo M, Andrews JR, Ahmed ME, Dundar A, Karnes RJ, Bryce AH, et al.
Prognostic role of 11c-choline Pet/Ct scan in patients with metastatic castrate resistant
prostate cancer undergoing primary docetaxel chemotherapy. Prostate (2022) 82(1):41-8.
doi: 10.1002/pros.24246

55. Zhang H, Orme JJ, Abraha F, Stish B], Lowe V], Lucien F, et al. Phase ii evaluation
of stereotactic ablative radiotherapy (Sabr) and immunity in (11)C-Choline-Pet/Ct-
Identified oligometastatic castration-resistant prostate cancer. Clin Cancer Res an Off J
Am Assoc Cancer Res (2021) 27(23):6376-83. doi: 10.1158/1078-0432.Ccr-21-2510

56. Garcia Vicente AM, Amo-Salas M, Cassinello Espinosa ], Gomez Diaz R, Soriano
Castrejon A. Interim and end-treatment (18)F-fluorocholine Pet/Ct and bone scan in
prostate cancer patients treated with radium 223 dichloride. Sci Rep (2021) 11(1):7389.
doi: 10.1038/s41598-021-86759-1

57. Shoup TM, Olson J, Hoffman JM, Votaw J, Eshima D, Eshima L, et al. Synthesis
and evaluation of [18f]1-Amino-3-Fluorocyclobutane-1-Carboxylic acid to image brain
tumors. ] Nucl Med Off publication Soc Nucl Med (1999) 40(2):331-8.

58. Bach-Gansmo T, Nanni C, Nieh PT, Zanoni L, Bogsrud TV, Sletten H, et al.
Multisite experience of the safety, detection rate and diagnostic performance of
fluciclovine ((18)F) positron emission Tomography/Computerized tomography
imaging in the staging of biochemically recurrent prostate cancer. J Urol (2017) 197(3
Pt 1):676-83. doi: 10.1016/j.juro.2016.09.117

59. Suzuki H, Inoue Y, Fujimoto H, Yonese ], Tanabe K, Fukasawa S, et al. Diagnostic
performance and safety of Nmk36 (Trans-1-Amino-3-[18f]Fluorocyclobutanecarboxylic
acid)-Pet/Ct in primary prostate cancer: Multicenter phase iib clinical trial. Japanese J Clin
Oncol (2016) 46(2):152-62. doi: 10.1093/jjco/hyv181

60. Jambor I, Kuisma A, Kéhkonen E, Kemppainen ], Merisaari H, Eskola O, et al.
Prospective evaluation of (18)F-facbc Pet/Ct and Pet/Mri versus multiparametric mri in
intermediate- to high-risk prostate cancer patients (Flucipro trial). Eur ] Nucl Med Mol
Imaging (2018) 45(3):355-64. doi: 10.1007/s00259-017-3875-1

61. Suzuki H, Jinnouchi S, Kaji Y, Kishida T, Kinoshita H, Yamaguchi S, et al.
Diagnostic performance of 18f-fluciclovine Pet/Ct for regional lymph node metastases in
patients with primary prostate cancer: A multicenter phase ii clinical trial. Japanese J Clin
Oncol (2019) 49(9):803-11. doi: 10.1093/jjco/hyz072

62. Bin X, Yong S, Kong QF, Zhao S, Zhang GY, Wu JP, et al. Diagnostic performance
of Pet/Ct using 18f-facbc in prostate cancer: A meta-analysis. Front Oncol (2019) 9:1438.
doi: 10.3389/fonc.2019.01438

63. Laudicella R, Albano D, Alongi P, Argiroffi G, Bauckneht M, Baldari S, et al. (18)F-
facbc in prostate cancer: A systematic review and meta-analysis. Cancers (2019) 11
(9):1348. doi: 10.3390/cancers11091348

64. Filippi L, Bagni O, Crisafulli C, Cerio I, Brunotti G, Chiaravalloti A, et al. Detection
rate and clinical impact of Pet/Ct with (18)F-facbc in patients with biochemical
recurrence of prostate cancer: A retrospective bicentric study. Biomedicines (2022) 10
(1):177. doi: 10.3390/biomedicines10010177

65. Chaudhary PK, Kim S. An insight into gpcr and G-proteins as cancer drivers. Cells
(2021) 10(12):3288. doi: 10.3390/cells10123288

66. Huang H, Ekama G, Deng YF, Chen GH, Wu D. Identifying the mechanisms of
sludge reduction in the sulfidogenic oxic-settling anaerobic (Sosa) process: Side-stream
sulfidogenesis-intensified sludge decay and mainstream extended aeration. Water Res
(2021) 189:116608. doi: 10.1016/j.watres.2020.116608

67. Biddlecombe GB, Rogers BE, de Visser M, Parry J], de Jong M, Erion JL, et al.
Molecular imaging of gastrin-releasing peptide receptor-positive tumors in mice using
64cu- and 86y-Dota-(Prol,Tyr4)-Bombesin(1-14). Bioconjugate Chem (2007) 18(3):724-
30. doi: 10.1021/bc0602811

68. Chatalic KL, Franssen GM, van Weerden WM, McBride WJ, Laverman P, de Blois
E, et al. Preclinical comparison of Al18f- and 68ga-labeled gastrin-releasing peptide

receptor antagonists for pet imaging of prostate cancer. | Nucl Med Off publication Soc
Nucl Med (2014) 55(12):2050-6. doi: 10.2967/jnumed.114.141143

69. Baratto L, Jadvar H, Iagaru A. Prostate cancer theranostics targeting gastrin-
releasing peptide receptors. Mol Imaging Biol (2018) 20(4):501-9. doi: 10.1007/s11307-
017-1151-1

70. Zhang J, Niu G, Fan X, Lang L, Hou G, Chen L, et al. Pet using a grpr antagonist
(68)Ga-Rm26 in healthy volunteers and prostate cancer patients. /] Nucl Med (2018) 59
(6):922-8. doi: 10.2967/jnumed.117.198929

71. Bakker IL, Froberg AC, Busstra MB, Verzijlbergen JF, Konijnenberg M, van
Leenders G, et al. Grpr antagonist (68)Ga-Sb3 Pet/Ct imaging of primary prostate

frontiersin.org


https://doi.org/10.1038/s41388-019-0750-5
https://doi.org/10.3390/ijms20071721
https://doi.org/10.3390/ijms20071721
https://doi.org/10.1021/acs.bioconjchem.9b00252
https://doi.org/10.1021/acs.bioconjchem.9b00252
https://doi.org/10.1016/j.nucmedbio.2020.03.005
https://doi.org/10.1016/j.nucmedbio.2020.03.005
https://doi.org/10.1074/jbc.C500092200
https://doi.org/10.1016/s0925-4439(97)00032-x
https://doi.org/10.1016/s0925-4439(97)00032-x
https://doi.org/10.1073/pnas.87.18.7235
https://doi.org/10.1007/s10555-020-09909-3
https://doi.org/10.1007/s10555-020-09909-3
https://doi.org/10.3390/cancers13194946
https://doi.org/10.2967/jnumed.118.210435
https://doi.org/10.2967/jnumed.119.227967
https://doi.org/10.1007/s00259-021-05423-y
https://doi.org/10.1007/s00259-019-04623-x
https://doi.org/10.1097/rlu.0000000000003837
https://doi.org/10.1097/rlu.0000000000003837
https://doi.org/10.1097/RLU.0000000000004315
https://doi.org/10.1007/s00259-020-05028-x
https://doi.org/10.3390/diagnostics12030581
https://doi.org/10.3390/diagnostics12030581
https://doi.org/10.1007/s00259-013-2361-7
https://doi.org/10.1016/j.euf.2018.03.008
https://doi.org/10.2967/jnumed.120.262250
https://doi.org/10.5489/cuaj.7107
https://doi.org/10.1038/s41391-020-0202-x
https://doi.org/10.1038/s41391-020-0202-x
https://doi.org/10.2967/jnumed.120.256602
https://doi.org/10.2967/jnumed.118.223263
https://doi.org/10.2967/jnumed.118.223263
https://doi.org/10.3389/fonc.2021.684629
https://doi.org/10.3389/fonc.2021.684629
https://doi.org/10.1002/pros.24246
https://doi.org/10.1158/1078-0432.Ccr-21-2510
https://doi.org/10.1038/s41598-021-86759-1
https://doi.org/10.1016/j.juro.2016.09.117
https://doi.org/10.1093/jjco/hyv181
https://doi.org/10.1007/s00259-017-3875-1
https://doi.org/10.1093/jjco/hyz072
https://doi.org/10.3389/fonc.2019.01438
https://doi.org/10.3390/cancers11091348
https://doi.org/10.3390/biomedicines10010177
https://doi.org/10.3390/cells10123288
https://doi.org/10.1016/j.watres.2020.116608
https://doi.org/10.1021/bc060281l
https://doi.org/10.2967/jnumed.114.141143
https://doi.org/10.1007/s11307-017-1151-1
https://doi.org/10.1007/s11307-017-1151-1
https://doi.org/10.2967/jnumed.117.198929
https://doi.org/10.3389/fonc.2023.1072510
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Tan et al.

cancer in therapy-naive patients. J Nucl Med (2021) 62(11):1517-23. doi: 10.2967/
jnumed.120.258814

72. Duan H, Baratto L, Fan RE, Soerensen SJC, Liang T, Chung BI, et al. Correlation of
(68)Ga-Rm2 pet with post-surgery histopathology findings in patients with newly
diagnosed intermediate- or high-risk prostate cancer. J Nucl Med (2022) 63(12):1829-
35. doi: 10.2967/jnumed.122.263971

73. Minamimoto R, Sonni I, Hancock S, Vasanawala S, Loening A, Gambhir SS, et al.
Prospective evaluation of (68)Ga-Rm2 Pet/Mri in patients with biochemical recurrence of
prostate cancer and negative findings on conventional imaging. ] Nucl Med Off publication
Soc Nucl Med (2018) 59(5):803-8. doi: 10.2967/jnumed.117.197624

74. Wieser G, Popp I, Christian Rischke H, Drendel V, Grosu AL, Bartholomi M, et al.
Diagnosis of recurrent prostate cancer with Pet/Ct imaging using the gastrin-releasing
peptide receptor antagonist (68)Ga-Rm2: Preliminary results in patients with negative or
inconclusive [(18)F]Fluoroethylcholine-Pet/Ct. Eur J Nucl Med Mol Imaging (2017) 44
(9):1463-72. doi: 10.1007/500259-017-3702-8

75. Touijer KA, Michaud L, Alvarez HAV, Gopalan A, Kossatz S, Gonen M, et al.
Prospective study of the radiolabeled grpr antagonist Bay86-7548 for positron emission
Tomography/Computed tomography imaging of newly diagnosed prostate cancer. Eur
Urol Oncol (2019) 2(2):166-73. doi: 10.1016/j.eu0.2018.08.011

76. Nagaya T, Nakamura YA, Choyke PL, Kobayashi H. Fluorescence-guided surgery.
Front Oncol (2017) 7:314. doi: 10.3389/fonc.2017.00314

77. Kaplan-Marans E, Fulla J, Tomer N, Bilal K, Palese M. Indocyanine green (Icg) in
urologic surgery. Urology (2019) 132:10-7. doi: 10.1016/j.urology.2019.05.008

78. Lee JYK, Pierce JT, Thawani JP, Zeh R, Nie S, Martinez-Lage M, et al. Near-
infrared fluorescent image-guided surgery for intracranial meningioma. J Neurosurg
(2018) 128(2):380-90. doi: 10.3171/2016.10.Jns161636

79. Tipirneni KE, Warram JM, Moore LS, Prince AC, de Boer E, Jani AH, et al.
Oncologic procedures amenable to fluorescence-guided surgery. Ann Surg (2017) 266
(1):36-47. doi: 10.1097/s1a.0000000000002127

80. Mangano MS, De Gobbi A, Beniamin F, Lamon C, Ciaccia M, Maccatrozzo L.
Robot-assisted nerve-sparing radical prostatectomy using near-infrared fluorescence
technology and indocyanine green: Initial experience. Urologia (2018) 85(1):29-31.
doi: 10.5301/uj.5000244

81. Tobis S, Knopf ], Silvers C, Yao J, Rashid H, Wu G, et al. Near infrared fluorescence
imaging with robotic assisted laparoscopic partial nephrectomy: Initial clinical experience
for renal cortical tumors. J Urol (2011) 186(1):47-52. doi: 10.1016/j.jur0.2011.02.2701

82. Rho J, Lee JW, Quan YH, Choi BH, Shin BK, Han KN, et al. Fluorescent and
iodized emulsion for preoperative localization of pulmonary nodules. Ann Surg (2021)
273(5):989-96. doi: 10.1097/51a.0000000000003300

83. Hu Z, Fang C, Li B, Zhang Z, Cao C, Cai M, et al. First-in-Human liver-tumour
surgery guided by multispectral fluorescence imaging in the visible and near-Infrared-I/Ii
windows. Nat Biomed Eng (2020) 4(3):259-71. doi: 10.1038/s41551-019-0494-0

84. Tummers QR, Hoogstins CE, Peters AA, de Kroon CD, Trimbos JB, van de Velde CJ,
et al. The value of intraoperative near-infrared fluorescence imaging based on enhanced
permeability and retention of indocyanine green: Feasibility and false-positives in ovarian
cancer. PloS One (2015) 10(6):¢0129766. doi: 10.1371/journal.pone.0129766

85. Liitje S, Slavik R, Fendler W, Herrmann K, Eiber M. Psma ligands in prostate
cancer - probe optimization and theranostic applications. Methods (San Diego Calif)
(2017) 130:42-50. doi: 10.1016/j.ymeth.2017.06.026

86. Derks YHW, Lowik D, Sedelaar JPM, Gotthardt M, Boerman OC, Rijpkema M,
et al. Psma-targeting agents for radio- and fluorescence-guided prostate cancer surgery.
Theranostics (2019) 9(23):6824-39. doi: 10.7150/thno.36739

87. Maurer T, Robu S, Schottelius M, Schwamborn K, Rauscher I, van den Berg NS,
et al. (99m)Technetium-based prostate-specific membrane antigen-radioguided surgery
in recurrent prostate cancer. Eur Urol (2019) 75(4):659-66. doi: 10.1016/
j.eururo.2018.03.013

88. Maurer T, Weirich G, Schottelius M, Weineisen M, Frisch B, Okur A, et al.
Prostate-specific membrane antigen-radioguided surgery for metastatic lymph nodes in
prostate cancer. Eur Urol (2015) 68(3):530-4. doi: 10.1016/j.eururo.2015.04.034

89. Rauscher I, Diiwel C, Wirtz M, Schottelius M, Wester HJ, Schwamborn K, et al.
Value of (111) in-Prostate-Specific membrane antigen (Psma)-radioguided surgery for

Frontiers in Oncology

12

10.3389/fonc.2023.1072510

salvage lymphadenectomy in recurrent prostate cancer: Correlation with histopathology
and clinical follow-up. BJU Int (2017) 120(1):40-7. doi: 10.1111/bju.13713

90. Mix M, Reichel K, Stoykow C, Bartholomd M, Drendel V, Gourni E, et al.
Performance of (111)in-labelled psma ligand in patients with nodal metastatic
prostate cancer: Correlation between tracer uptake and histopathology from
lymphadenectomy. Eur ] Nucl Med Mol Imaging (2018) 45(12):2062-70.
doi: 10.1007/500259-018-4094-0

91. Robu S, Schottelius M, Eiber M, Maurer T, Gschwend J, Schwaiger M, et al.
Preclinical evaluation and first patient application of 99mtc-Psma-I&S for spect imaging
and radioguided surgery in prostate cancer. ] Nucl Med (2017) 58(2):235-42. doi: 10.2967/
jnumed.116.178939

92. Povoski SP, Neft RL, Mojzisik CM, O'Malley DM, Hinkle GH, Hall NC, et al. A
comprehensive overview of radioguided surgery using gamma detection probe
technology. World ] Surg Oncol (2009) 7:11. doi: 10.1186/1477-7819-7-11

93. van der Poel HG, Buckle T, Brouwer OR, Valdés Olmos RA, van Leeuwen FW.
Intraoperative laparoscopic fluorescence guidance to the sentinel lymph node in prostate
cancer patients: Clinical proof of concept of an integrated functional imaging approach
using a multimodal tracer. Eur Urol (2011) 60(4):826-33. doi: 10.1016/
j.eururo.2011.03.024

94. KleinJan GH, van Werkhoven E, van den Berg NS, Karakullukcu MB, Zijlmans H,
van der Hage JA, et al. The best of both worlds: A hybrid approach for optimal pre- and
intraoperative identification of sentinel lymph nodes. Eur ] Nucl Med Mol Imaging (2018)
45(11):1915-25. doi: 10.1007/s00259-018-4028-x

95. Meershoek P, Buckle T, van Oosterom MN, KleinJan GH, van der Poel HG, van
Leeuwen FWB. Can intraoperative fluorescence imaging identify all lesions while the road
map created by preoperative nuclear imaging is masked? J Nucl Med (2020) 61(6):834-41.
doi: 10.2967/jnumed.119.235234

96. Walsh EM, Cole D, Tipirneni KE, Bland KI, Udayakumar N, Kasten BB, et al.
Fluorescence imaging of nerves during surgery. Ann Surg (2019) 270(1):69-76.
doi: 10.1097/s1a.0000000000003130

97. Xu H, Chen J, Feng Z, Fu K, Qiao Y, Zhang Z, et al. Shortwave infrared
fluorescence in vivo imaging of nerves for minimizing the risk of intraoperative nerve
injury. Nanoscale (2019) 11(42):19736-41. doi: 10.1039/c9nr06066a

98. Gibbs-Strauss SL, Nasr KA, Fish KM, Khullar O, Ashitate Y, Siclovan TM, et al.
Nerve-highlighting fluorescent contrast agents for image-guided surgery. Mol Imaging
(2011) 10(2):91-101. doi: 10.2310/7290.2010.00026

99. Stone JJ, Graffeo CS, de Ruiter GCW, Rock MG, Spinner RJ. Intraoperative
intravenous fluorescein as an adjunct during surgery for peroneal intraneural ganglion
cysts. Acta neurochirurgica (2018) 160(3):651-4. doi: 10.1007/s00701-018-3477-0

100. Jin H, Zheng L, Lu L, Cui M. Near-infrared intraoperative imaging of pelvic
autonomic nerves: A pilot study. Surg endoscopy (2022) 36(4):2349-56. doi: 10.1007/
500464-021-08512-z

101. Kanno K, Aiko K, Yanai S, Sawada M, Sakate S, Andou M. Clinical use of
indocyanine green during nerve-sparing surgery for deep endometriosis. Fertility sterility
(2021) 116(1):269-71. doi: 10.1016/j.fertnstert.2021.03.014

102. Magnon C, Hall §J, Lin ], Xue X, Gerber L, Freedland SJ, et al. Autonomic nerve
development contributes to prostate cancer progression. Sci (New York NY) (2013) 341
(6142):1236361. doi: 10.1126/science.1236361

103. Hussain T, Mastrodimos MB, Raju SC, Glasgow HL, Whitney M, Friedman B,
et al. Fluorescently labeled peptide increases identification of degenerated facial nerve
branches during surgery and improves functional outcome. PloS One (2015) 10(3):
€0119600. doi: 10.1371/journal.pone.0119600

104. Whitney MA, Crisp JL, Nguyen LT, Friedman B, Gross LA, Steinbach P, et al.
Fluorescent peptides highlight peripheral nerves during surgery in mice. Nat Biotechnol
(2011) 29(4):352-6. doi: 10.1038/nbt.1764

105. Hingorani DV, Whitney MA, Friedman B, Kwon JK, Crisp JL, Xiong Q, et al.
Nerve-targeted probes for fluorescence-guided intraoperative imaging. Theranostics
(2018) 8(15):4226-37. doi: 10.7150/thno.23084

106. You H, Shang W, Min X, Weinreb J, Li Q, Leapman M, et al. Sight and switch off:
Nerve density visualization for interventions targeting nerves in prostate cancer. Sci Adv
(2020) 6(6):eaax6040. doi: 10.1126/sciadv.aax6040

frontiersin.org


https://doi.org/10.2967/jnumed.120.258814
https://doi.org/10.2967/jnumed.120.258814
https://doi.org/10.2967/jnumed.122.263971
https://doi.org/10.2967/jnumed.117.197624
https://doi.org/10.1007/s00259-017-3702-8
https://doi.org/10.1016/j.euo.2018.08.011
https://doi.org/10.3389/fonc.2017.00314
https://doi.org/10.1016/j.urology.2019.05.008
https://doi.org/10.3171/2016.10.Jns161636
https://doi.org/10.1097/sla.0000000000002127
https://doi.org/10.5301/uj.5000244
https://doi.org/10.1016/j.juro.2011.02.2701
https://doi.org/10.1097/sla.0000000000003300
https://doi.org/10.1038/s41551-019-0494-0
https://doi.org/10.1371/journal.pone.0129766
https://doi.org/10.1016/j.ymeth.2017.06.026
https://doi.org/10.7150/thno.36739
https://doi.org/10.1016/j.eururo.2018.03.013
https://doi.org/10.1016/j.eururo.2018.03.013
https://doi.org/10.1016/j.eururo.2015.04.034
https://doi.org/10.1111/bju.13713
https://doi.org/10.1007/s00259-018-4094-0
https://doi.org/10.2967/jnumed.116.178939
https://doi.org/10.2967/jnumed.116.178939
https://doi.org/10.1186/1477-7819-7-11
https://doi.org/10.1016/j.eururo.2011.03.024
https://doi.org/10.1016/j.eururo.2011.03.024
https://doi.org/10.1007/s00259-018-4028-x
https://doi.org/10.2967/jnumed.119.235234
https://doi.org/10.1097/sla.0000000000003130
https://doi.org/10.1039/c9nr06066a
https://doi.org/10.2310/7290.2010.00026
https://doi.org/10.1007/s00701-018-3477-0
https://doi.org/10.1007/s00464-021-08512-z
https://doi.org/10.1007/s00464-021-08512-z
https://doi.org/10.1016/j.fertnstert.2021.03.014
https://doi.org/10.1126/science.1236361
https://doi.org/10.1371/journal.pone.0119600
https://doi.org/10.1038/nbt.1764
https://doi.org/10.7150/thno.23084
https://doi.org/10.1126/sciadv.aax6040
https://doi.org/10.3389/fonc.2023.1072510
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Tan et al.

Glossary

AA Amino acid

ADT Androgen deprivation therapy

AR Androgen-receptor

BCR Biochemical recurrence

BPH Benign prostatic hyperplasia

BRFS Biochemical recurrence-free survival

CRPC Castration-resistant prostate cancer

DPP Dipeptidyl peptidase

DRE Digital rectal examination

FACBC Fluciclovine

FAP Fibroblast activation protein

FAPI FAP inhibitors

FCH Fluorocholine

FDA Food and Drug Administration

FDG Fluorodeoxyglucose

FGS Fluorescence-guided surgery

FOLH1 Folate hydrolase 1

Ga Gallium

GLUT1 Glucose transporter-1

GS Gleason score

GRPR Gastrin-releasing peptide receptor

HNP401 Human NP401

1CG Indocyanine green

iPSMA-TV Intraprostatic PSMA-derived tumor volume
iTL-PSMA Intraprostatic total lesion PSMA

mHSPC or Metastatic hormone-sensitive or castration-resistant prostate
mCRPC cancer

mpMRI Multiparametric magnetic resonance imaging
SUVmax Maximum standard uptake value
SUVmean Mean standard uptake value

NCCN National Comprehensive Cancer Network
NEPC Neuroendocrine prostate cancer

NIR Near-infrared

NP41 Nerve peptide 41

NPs Nanoparticles

NT Neurotensin peptide

NTR Neurotensin receptor

PCa Prostate cancer

PET/CT Positron emission tomography/computed tomography
PET/MRI PET/magnetic resonance imaging

(Continued)
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PNs

PSA

PSMA

PSMA-RGS

RARP

SABR

SN

SPIO

TBR

TLG

THTF

TMAs

‘WB-MRI
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Peripheral nerves

Prostate-specific antigen
Prostate-specific membrane antigen
PSMA radio-guided surgery
Robot-assisted radical prostatectomy
Stereotactic ablative radiotherapy
Sentinel node

Superparamagnetic iron oxide
Tumor-to-background ratio

Total lesion glycolysis

Time to hormonal therapy failure
Tissue microarrays

Whole-body magnetic resonance imaging

frontiersin.org


https://doi.org/10.3389/fonc.2023.1072510
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Clinical advancement of precision theranostics in prostate cancer
	1 Introduction
	2 Novel Molecular imaging methods for PCa diagnosis
	2.1 Prostate-specific membrane antigen
	2.2 Neurotensin receptor 1
	2.3 Fibroblast activation protein

	3 Additional PET agents for PCa diagnosis
	3.1 18F-fluorodeoxyglucose
	3.2 Choline
	3.3 18F- Fluciclovine

	4 Other experimental radiotracers
	4.1 Gastrin-releasing peptide receptor

	5 Novel methods for intraoperative guidance of PCa precision surgery
	5.1 Novel methods for intraoperative tumor lesion tracing
	5.2 Novel methods for nerve protection in PCa surgery

	6 Expectation
	Author contributions
	Funding
	Acknowledgments
	References
	Glossary



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


