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Abstract
Radical prostatectomy (RP) with or without pelvic lymph node dissection (PLND) is the most frequent approach to treat men 
affected by prostate cancer (PCa), together with primary radiotherapy. Generally, patients performed computed tomography 
(CT) and bone scintigraphy to stage the disease prior to surgery. However, specific inhibitors directed to the prostate-specific 
membrane antigen (PSMA) have been recently proposed as radiopharmaceutical for positron emission tomography (PET) 
imaging. PSMA-PET proved higher diagnostic accuracy to stage high-risk PCa compared to conventional imaging, even if its 
impact on overall survival is yet to be confirmed. One of the main limitations for PSMA-PET in staging PCa is represented 
by the low sensitivity in identifying metastatic lymph node, namely in case of nodes smaller than 4–5 mm. Radioguided 
surgery (RGS) is based on the intraoperative detection of radiation emitted by the specific radiopharmaceutical. Recently, 
the possibility of performing RGS using cancer-specific radiotracer with high diagnostic accuracy (e.g. PSMA inhibitors) 
gained attention. In this review, we aimed to explore the value of PSMA-RGS in PCa, aimed at improving the surgery 
accuracy to remove nodal metastasis. Furthermore, we evaluated different radiation detectors (gamma rays probes vs. beta 
positron probes) and the diagnostic accuracy of these probes compared to PSMA-PET. A comprehensive literature review was 
performed in December 2022 with a non-systematic approach. After the first literature screening, a total of 16 studies have 
been selected and a comprehensive qualitative narrative synthesis of the articles has been performed. First studies showed 
promising results for PSMA-RGS, and prospective trials demonstrated good concordance of in vivo PSMA-positive detected 
nodes with histopathology analysis of the specimens. High sensitivity and specificity of the RGS approach were found. Whilst 
gamma probes have been more broadly explored, the clinical use of beta probes has been tested in feasibility studies only. 
Finally, Cerenkov luminescence imaging, micro-image guidance and augmented reality/virtual reality approaches in surgery 
are currently rising attention and are generating future perspectives for PSMA-guided surgery in PCa.
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Background: in vivo PSMA‑PET imaging 
in prostate cancer

PCa is the most frequent malignancy in men, and it is still 
considered one of the three “big killers” together with lung 
cancer and breast cancer. The main curative treatment for 
PCa is represented by radical prostatectomy (RP) with or 
without pelvic lymphadenectomy (PLND) and primary radi-
otherapy. Nevertheless, 30–40% of patients might experi-
ence disease recurrence after radical treatment. Recently, the 
prostate-specific membrane antigen (PSMA) was proposed 
as molecular target to specifically identify PCa cells, and 
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small peptides inhibitors have been developed as radiophar-
maceuticals for positron emission tomography (PET) imag-
ing. PSMA-PET proved higher diagnostic accuracy to stage 
high-risk PCa compared to conventional imaging, namely, 
to correctly identify metastatic lymph nodes [1]. Basically, 
PSMA-PET identifies more lesions and, subsequently, gives 
a more accurate evaluation of disease burden. However, the 
impact of PSMA-PET on overall survival is yet to be evalu-
ated. Thus, at present, it is not well established if performing 
PSMA-PET prior to radical treatment will have a positive 
impact on cancer-specific mortality [1–4]. Nevertheless, the 
impact of PSMA-PET on clinical decision-making process 
is not negligible and PSMA-PET is currently considered a 
game changer in men affected by PCa. Finally, PSMA can be 
used also as theranostics agent, as PSMA-based radio-ligand 
therapy already proved its efficacy in reducing the risk of 
death and the radiological disease progression in metastatic 
castration-resistant PCa (Table 1).

One of the main limitations for PSMA-PET in staging 
PCa is represented by the low sensitivity in identifying 
metastatic lymph nodes. In studies using histopathology as 
standard-of-truth, the sensitivity ranged from 40 to 60% [2, 
5], and the presence of metastatic lymph nodes smaller than 
4–5 mm represents the main drawback as PET scanner can-
not discriminate PSMA-positive nodes from the background. 
The availability of a technique able to correctly identify 
metastatic lymph nodes might have the potential to improve 
surgery performance and clinical outcomes. However, the 
intraoperative identification and removal of metastatic 
lymph nodes is really challenging, because these lesions 
might be atypically located, or too small to be removed, or 
even morphologically undetectable (Fig. 1).

Radio guided surgery (RGS) is a surgery procedure 
mostly based on the intraoperative injection of specific radi-
opharmaceuticals and the detection of the emitted radiation 
by dedicated intraoperative probes. Recently, the possibility 
of performing RGS using cancer-specific radiotracer with 

high diagnostic accuracy (e.g. PSMA inhibitors) gained 
attention. However, RGS is still size dependent and the 
reduced amount of radiopharmaceutical uptake in micro-
metastases leads to an insufficient signal-to-background 
ratio to be detected by specific probes. PSMA-RGS can be 
performed with gamma-ray probes, detecting single pho-
ton emitting isotopes (e.g. Technetium-99 m or Indium-111 
labelled with PSMA inhibitors) or with beta-ray probes, 
detecting the radiation emitted by routinely used PET radi-
opharmaceuticals (e.g. Gallium-68 or Fluorine-18 labelled 
with PSMA inhibitors).

In this narrative review, we aimed to explore the value 
of PSMA-RGS in PCa and to assess if this novel approach 
might improve surgery accuracy in removing metastatic 
lymph nodes. A comprehensive critical literature review was 
performed, focussing the attention also to analyse different 
detectors and future technological perspectives.

Background: technical aspects 
and development of gamma and beta 
probes for radioguided surgery

RGS is based on intraoperative detection of radiation emit-
ted by the radiopharmaceutical, detected by a probe made 
of scintillating materials. When a photon crosses such mate-
rials, it interacts with its components, releasing energy to 
electrons. This energy is then converted into scintillating 
light, detected by dedicated instruments like photo multipli-
ers tubes (PMT) or silicon photo multipliers (SiPM). The 
amount of scintillating light is proportional to the amount of 
energy deposited in the detector by the original particle and 
can be used to estimate the flux of particles that impinges 
on it. However, probes perform differently depending on 
the injected radiopharmaceutical, and its proper emission 
(gamma vs. beta emitters) [6]. At present, the majority of 
RGS applications are based on the intraoperative detection 

Table 1   Overview of radioisotope-based PSMA-guided approaches in surgery

Radiopharmaceuticals Excretion Half life Imaging signature Clinical 
experi-
ences

RGS with gamma emitters isotopes
111In-PSMA I&T Renal 67 h γ (Eγ = 171.3, 245.4 keV) ++
99mTc-PSMA I&S Renal 6.5 h γ (Eγ = 140.5 keV)  ++ +

RGS with positron emitter isotopes
68 Ga-PSMA-11 Renal 1.1 h β (Emaxβ +  = 1899 keV), γ 

(Eγ = 511 keV), Cerenkov 
(> 250 nm)

 + 

PET/CT specimen imagers 68 Ga-PSMA-11 or any PSMA-based 
tracer approved for clinical purposes

β (Emaxβ +  = 1899 keV), γ 
(Eγ = 511 keV), Cerenkov 
(> 250 nm)

 + 
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of gamma particles (photons), as those emitted by the com-
monly used Technetium-99 m (99mTc), emitting gamma rays 
at 140 keV. To detect this kind of particles, inorganic scin-
tillating materials are typically used. In fact, being electri-
cally neutral, photons tend to interact weakly with matter, 
and high-density materials are, thus, needed to maximise 
this interaction. Similarly, also gamma probes for RGS are 
typically composed by an inorganic scintillating crystal. The 
active area is covered by lateral shielding that ensures direc-
tionality in the probe sensitive area. Consequently, gamma 
probes typically result to be heavy instruments, whose lateral 
dimension cannot be too reduced, in order not to jeopardise 
their efficiency. These probes can be used also with annihi-
lation photons when performing RGS with PET isotopes. 
However, the higher energy of these beta photons (511 keV) 
requires a different, more extensive collimation of the probe, 
making the detector even more cumbersome, and limit its 
application in minimally invasive surgery.

Recently, the possibility of performing RGS with beta-
emitting radioisotopes gained attention, namely considering 
the high diagnostic accuracy of PSMA inhibitors used for 
PET imaging. The detection of beta radiation presents some 
peculiarities, due to the different interaction of this kind of 
particles with matter [7]. Beta particles tend to interact con-
tinuously with matter, experiencing abundant scattering, and 

thus resulting in a tortuous path. As a result, small active 
volumes are typically sufficient to absorb, and thus detect 
these particles. The use of inorganic scintillators is not 
optimal due to their high density that limits the detection 
of beta and gamma particles and the clinical application of 
these probes for RGS in clinical practise. Therefore, organic 
scintillating materials have been developed [8], having low 
density (and low detection of photons) and very high sen-
sitivity for beta radiation. Moreover, considering the short 
penetration range of beta radiation, minimal lateral shielding 
is needed, resulting in small dimensions devices.

Evidence acquisition

This critical review aimed to explore the value of PSMA-
RGS in PCa and if this novel approach might improve the 
surgery accuracy in removing nodal metastasis. Further-
more, we evaluated different radiation detectors (gamma-ray 
probes vs. beta positron probes) and the diagnostic accuracy 
of these probes compared to PSMA-PET.

A comprehensive literature review was performed in 
December 2022 with a non-systematic approach. The search 
was performed using the Ovid platform and a comparison 
of the Embase and Medline databases, using the following 

Fig. 1   A patient with high-risk PCa (Gleason score 4 + 5, initial 
PSA = 8 ng/ml), enrolled in a phase II trial currently ongoing at our 
institution, underwent a 68 Ga-PSMA-11 whole-body PET/CT scan 
for the initial staging of the disease prior to RALP. PSMA-PET 
showed pathological and heterogeneous uptake in the whole prostate, 
with suspicion of extra-capsular extension, two PSMA-positive left 
obturator lymph nodes (A, red square) and one PSMA-positive extra-
pelvic lymph node. The patient was referred to radical prostatectomy 

with extended PLND with a PSMA-RGS approach. After the intra-
venous injection of 90 MBq of 68 Ga-PSMA-11 administered in the 
surgery theatre, a DROP-IN beta probe was used during surgery (B). 
A TBR cut-off algorithm was implemented to establish a positivity 
criterion for the detection of PSMA-positive lymph nodes. Ex  vivo 
measurements were made to cross-validate in vivo findings (C). His-
topathological analysis and PSMA staining confirmed the presence of 
prostate cancer cells in all surgical specimens (D)
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string: (“prostate specific membrane antigen” OR “PSMA”) 
AND (“Radio-guided surgery” OR “radio guided surgery” 
or RGS or “live surgery”) AND (“prostate cancer” OR PCa). 
FM, LM, GZ performed the literature research. Disagree-
ments have been resolved by consensus. All the original 
articles published in English over the last 10 years were 
considered. Retrospective and prospective series, as well as 
randomised and non-randomised clinical trials have been 
considered. Abstract, narrative review, case reports or case 
series, editorials and letter to editors have been excluded. 
For clinical studies, all PSMA radiopharmaceuticals were 
considered; the most frequent PET tracer used was 68 Ga-
PSMA-11, followed by 18F-DCFPyL and 18F-PSMA-1007. 
The literature search was updated until December 2022. 
After the first literature screening, a total of 16 studies have 
been selected. Authors tabulated and organised relevant 
studies and performed a comprehensive qualitative narra-
tive synthesis of both tabulated studies and non-tabulated 
articles.

Evidence summary

RGS with single photon emitter PSMA 
radiopharmaceuticals

The first experiences with PSMA-RGS were made with 
gamma-emitting radionuclides such as Indium-111 (111In) 
(E γ = 171.3, 245.4 keV). However, the sub-optimal nuclear 
properties of 111In, the high cost of the isotopes and limited 
availability of 111InCl3, the relatively poor SPECT quality, 
and the high burden of radiation, sensibly limited the clinical 
application of this surgery approach. Consequently, PSMA-
RGS quickly moved towards PSMA inhibitors labelled with 
Technetium-99 m (99mTc) (E γ = 140.5 keV) [9].

The 99mTc-PSMA-RGS procedure involves several 
steps. Radiotracer is injected intravenously the day before 
the surgery. Subsequently, SPECT/CT imaging is performed 
to cross-validate PSMA-PET findings. Then RP and PLND 
were performed with the intraoperative use of a gamma 
probe. According to Maurer et al. [10] 99mTc-labelling 
with PSMA inhibitors (e.g. PSMA I&S or MIP-1404) repre-
sents a readily available and cost-effective method to obtain 
gamma emission detectable by surgical probes. Intraopera-
tively, gamma probes facilitate in vivo guidance and enable 
ex vivo measurements to confirm successful resection of 
metastatic lesions, with a specificity of more than 95% for 
99mTc-PSMA-I&S radiotracer. Positive identification was 
defined as measurements exceedingly at least twice the back-
ground level of the patient’s non-cancerous fatty tissue.

In a cohort of 31 patients with biochemical relapse after 
primary RP [11], a sensitivity of 83.6% and a specificity of 
100% in the correct identification and removal of metastatic 

lymph nodes were demonstrated. Even if all lesions iden-
tified on preoperative 68  Ga-PSMA-11 PET were also 
detected by positive gamma probe measurements and all 
positive tissue specimens on gamma probe measurements 
contained metastatic PCa tissue, low-volume small-sized PC 
lesions might be detected neither by preoperative 68 Ga-
PSMA-11 PET nor by intraoperative gamma probe measure-
ments, indicating that the detection rate in both approaches 
is clearly size dependent. Therefore, the main advantage of 
99mTc-PSMA-RGS was the possibility of immediate con-
firmation of successful removal of metastatic lesions, rather 
than the possibility of removing a higher number of lesions 
than those detected by PSMA-PET. Similar results were 
obtained in a larger cohort (n = 121) retrospective analysis 
by T. Horn et al. [12], where PSMA-RGS (either performed 
with 11In-PSMA I&T or 99mTc-PSMA I&S) did not clearly 
outperform PSMA-PET detection of metastatic nodes in a 
salvage lymphadenectomy setting, identifying just 18.8% of 
the lesions that were positive on histopathological analy-
sis and negative on PSMA-PET. However, in two-third of 
patients a complete biochemical response was reached. At 
1-year follow-up, 64% of patients remained without any 
prostate-cancer-directed treatment. Concerning preopera-
tive parameters, low PSA values and single localization 
of recurrence in PSMA-PET were associated with longer 
biochemical recurrence-free survival rates. On the contrary, 
Gleason score at the time of primary radical prostatectomy, 
prior radiation treatment, time from RP and localisation of 
recurrence had no significant impact on this end point.

Regarding short-term outcomes of PSMA-RGS in salvage 
lymphadenectomy, a match-comparison analysis by Knipper 
et al. suggested that the short-term biochemical-free survival 
rate was significantly more favourable in the RGS approach 
in their cohort of 13 patients, compared to the control cohort 
composed by 29 patients who underwent a standard proce-
dure [13]. Long-term outcomes are still unclear and further 
prospective studies are needed to confirm these preliminary 
results [14].

Recently, further studies were performed in primary 
staging setting to evaluate the feasibility of PSMA-RGS 
in laparoscopic robot-assisted RP (RALP). In a recent 
analysis by Gandaglia et al. [15], authors enrolled inter-
mediate- and high-risk patients referred to RP and PLND 
in a primary setting to undergo PSMA-RGS in phase 2 
prospective clinical trial (n = 18). The interim analysis of 
this study (n = 12) showed a high specificity of the RGS 
approach with 99mTc-PSMA I&S on a per-region and per-
patient basis (99% and 100%, respectively). However, a 
lack of sensitivity regarding the detection of small lymph 
nodes has been observed. 99mTc-PSMA-RGS diagnos-
tic accuracy did not clearly overcome PSMA-PET in the 
correct identification of PCa nodal metastasis, not iden-
tifying any additional suspicious area in the pelvic nodal 



259Clinical and Translational Imaging (2023) 11:255–261	

1 3

region. Therefore, the risk of underestimation associated 
with the use of PSMA-PET before surgery in patients with 
a high nodal burden might also apply to PSMA-RGS. A 
slightly higher sensitivity but a lower specificity on a 
per-region basis was found by Gondoputro et al. [16] in a 
small (n = 12) cohort of high-risk patients that underwent 
PSMA-RGS in a primary setting with 99mTc-PSMA I&S. 
Both the population’s characteristics and the threshold 
considered for PSMA-RGS positivity were the potential 
reasons of these discrepancies.

The additional value of PSMA-RGS is mainly evident 
in atypically located lesions that are not easily accessible 
using the standard lymphadenectomy template. There-
fore, probes handling is one of the most critical issues in 
RGS. DROP-IN probes, inserted directly in the surgery 
trocar, facilitate the implementation of RGS in the RALP. 
DROP-IN probes allow the surgeon to independently con-
trol the device using the robot console and thus integrat-
ing the RGS approach with minimally invasive surgery. 
A recent prospective study evaluated whether the DROP-
IN gamma probe facilitates minimally invasive, robot-
assisted, 99mTc-PSMA radioguided surgery in a cohort 
of 20 patients with recurrent PCa, referred to salvage lym-
phadenectomy. Even if a learning curve was required for 
optimal execution of PSMA-RGS, the preliminary results 
were promising. In the 90% of cases (19/21), the lesions 
identified as suspected for recurrent PCa in PSMA-PET 
were successfully removed. The sensitivity and specificity 
of PSMA-RGS were 86% and 100%, respectively, and all 
false-negative nodes were smaller than 3 mm, which cor-
responds to the detection limit of the gamma probe [17].

The proper patient selection was considered crucial in 
the largest series published in recurrent PCa patients, as 
influence PSMA-RGS approach and the related oncologic 
outcomes [18]. PSMA-RGS is developing as a logical 
extension to the theranostic approach that is based on the 
statement “we treat what we see”. Therefore, PSMA-RGS 
can transfer information derived by PSMA-PET images 
(both qualitative as site and number of lesions or quan-
titative as the PSMA expression) to the surgical theatre. 
In addition, other RGS techniques might work in parallel. 
Sentinel lymph node biopsy can be proposed as additional 
tool for selecting patients who might benefit from whole-
pelvis radiotherapy after primary surgical treatment [19].

However, PSMA-RGS is not exempt from false-positive 
findings. PSMA is not a cancer-specific radiopharmaceuti-
cals and non-oncological processes over-expressing PSMA 
(e.g. inflammation) might lead to an incorrect intraopera-
tive identification of a metastatic lesions. Nevertheless, the 
specificity and the positive predictive value are optimal 
for PSMA imaging and, accordingly, the impact of false-
positive nodes in PSMA-RGS should be minimal.

Future perspectives

A high-energy γ-emitter has a higher tissue penetration, 
improving the accuracy of preoperative imaging, but also 
results in a higher background signal measured during 
RGS. Therefore, to overcome limitations derived from 
gamma rays’ wavelength, positron emitter detectors (beta 
probes) are currently being introduced in clinical practise. 
The higher tumour to background ratio (shorter penetration 
depth of beta rays compared to gamma rays) will theoreti-
cally increase the precision of intraoperatively PSMA-posi-
tive lesions detection. Moreover, beta probes allow the use of 
already clinically approved radiopharmaceuticals, routinely 
used in daily PET imaging practise, (e.g. 68 Ga-PSMA-11). 
In an ongoing phase II clinical trial (NCT05596851) 
designed to evaluate the feasibility and the diagnostic perfor-
mance of β + emission PSMA-RGS with DROP-IN probes in 
primary lymph node dissection, preliminary results proved 
to be promising. The DROP-IN approach has been imple-
mented in robotic surgery without side effects, and with-
out significantly affecting the overall length of the surgery 
procedure. Finally, to maximise the advantage of having a 
low emitting background, an adaptive algorithm has been 
developed to identify intraoperatively a specific cut-off 
able to distinguish malignant lesions from the background 
measured in surrounding tissues [20]. Therefore, the use of a 
DROP-IN beta probe in combination with 68 Ga-PSMA-11 
showed some potential advantages. First, the possibility to 
use a widely available PET tracer, second the possibility to 
perform an accurate scanning of superficial lesion due to 
the limited tissue penetration of beta particles. This could 
allow the assessment of surgical margins’ invasion. On the 
other hand, an intrinsic limitation of this technique is the 
beta radiation attenuation when > 1.5 mm of healthy tissue is 
located above the lesion that is intended to detect. This could 
interfere with the performance of the PSMA-RGS. Another 
potential limitation is the radiation dose for the surgical staff, 
that should be standardised and evaluated more extensively 
in further studies [21]. The DROP-IN beta probe can be used 
also in other oncological disease. Recently, the use of this 
innovative device has been proposed also in patients affected 
by neuroendocrine tumours of the ileum, and a feasibility 
phase II trial is currently ongoing (NCT05448157).

In addition to beta (Emax = 1899  keV) and gamma 
(Emax = 511 keV) emission tracing, 68 Ga-PSMA-11 can 
potentially be traced via Cerenkov light (> 250 nm) [9]. 
Therefore, luminescence imaging RGS is currently being 
evaluated in clinical practise. Cerenkov luminescence imag-
ing (CLI) with 68 Ga-PSMA-11 showed promising results 
in a first-in-men feasibility study in ten patients, about the 
detection of positive prostate’s surgical margins, providing 
a good correlation to histopathologic examination. The main 
drawback might be related to a high signal level without 
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histopathologic evidence of PCa tissue at the resection mar-
gin. This is critical for two reasons: first, CLI intensity can 
emerge from PSMA expression and tracer uptake in non-
cancerous tissues. Second, Cerenkov luminescence can be 
produced from a few millimetres underneath the tissue’s 
surface [22]. In this perspective, the use of an optical by-
pass filter or the implementation of CLI with 18F-PSMA 
compounds might further improve the detection rate of posi-
tive surgical margins, increasing the signal detectability of 
more superficial lesions. Fluorine-18 has, indeed, a signifi-
cantly shorter positron range in tissues than 68 Ga (0.54 vs. 
2.83 mm) [23].

Alongside the development of probes for PSMA-RGS, 
small new PET scanners have been recently developed. PET/
CT specimen imagers have been developed for a molecular-
based evaluation of surgical margins and first live experi-
ences were promising. The first analysis of this novel imag-
ing approach in patients undergoing RALP with extended 
lymphadenectomy in PCa proved that the extremely high 
resolution of these images could offer a deeper understand-
ing of the biodistribution of PSMA in prostate cancer lesions 
and might improve surgeon’s confidence in ensuring com-
plete removal of the primary tumour when prostate’s margin 
involvement is assessed [24]. According to preliminary data 
[24], PET/CT specimen imagers hold high sensitivity, and 
cancer lesions smaller than 1 mm might be detected.

The high demand of molecular imaging solutions in mini-
mally invasive surgical strategies is also linked to the devel-
opment of new image-guided surgical approaches based on 
augmented reality and artificial intelligence that are gain-
ing popularity alongside radioguided approaches based 
on in vivo detection of radioactivity. The main advantage 
of the implementation of PET data in augmented reality 
robotic surgery approaches lies in its software-based nature, 
avoiding the need of preoperative injection of radiotracers, 
adjunctive imaging and intraoperative use of adjunctive 
medical devices. Segmented PET data are then over-imposed 
upon the in vivo anatomy and visualised on the screen of the 
surgical robot, allowing PSMA-based guidance [25].

Conclusion

The clinical implementation of precision PSMA-RGS in 
PCa deserves to be further explored, as holds the potential 
to improve oncological outcomes by improving the surgery 
accuracy in removing metastatic lymph nodes. However, 
there is still a lack of data derived from clinical trial powered 
for efficacy and many challenges are still to be solved. The 
first studies about PSMA-RGS with gamma probes showed 
promising results regarding the in vivo identification of 
metastatic lymph nodes, even if the sensitivity is still sub-
optimal. In this perspective, PSMA-RGS does not seem to 

overcome PSMA-PET limitations regarding the detection of 
micro-metastasis. Therefore, the main advantage lies in the 
correct and immediate identification of lesions during sur-
gery. Some limitations related to the use of gamma probes 
might be solved by the introduction of beta probes, even if 
data are too preliminary and limited to feasibility studies 
only and reliable conclusion cannot be drawn at present. 
CLI, PET/CT specimen imager and AR/VR approaches in 
surgery are currently arising opening new perspectives in 
image-guided surgery.
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