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Abstract 

Background and objective: Accurately distinguishing between cancerous and non-
cancerous tissues during robot-assisted radical prostatectomy (RARP) is a challenge that 
can increase the risk of residual disease. This study aimed to evaluate the safety, optimal 
dose and accuracy of a dual-modality prostate-specific membrane antigen (PSMA)-
targeted probe (68 Ga-P3) for preoperative positron emission tomography 
(PET)/computed tomography (CT) imaging and intraoperative fluorescence imaging in 
prostate cancer. 
Methods and surgical procedure: Each participant received an intravenous chemical dose 
of 68 Ga-P3 (10, 20, and 40 lg/kg), with radioactivity of 3.7 MBq/kg. PET/CT imaging was 
conducted 30, 60, and 120 min after injection to evaluate its biodistribution and dosime-
try. RARP was performed at 24 ± 6 h after injection, in the sensitive mode of Firefly flu-
orescence imaging. 
Key findings and limitations: Between May 2024 and July 2024, a total of 16 patients 
were included; 68 Ga-P3 was well tolerated without any adverse events related to 
68 Ga-P3 administration or fluorescence imaging. At 2 h after administration, the median 
tumor maximum standardized uptake value was 5.3 (4.1–8.1). The sensitivity,
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specificity, positive predictive value (PPV), and negative predictive value (NPV) of 68 Ga-
P3 PET/CT for tumor localization were 79.1%, 90.4%, 81.5%, and 89.0%, respectively. The 
overall NPV, PPV, and accuracy of intraoperative fluorescence imaging were 100%, 43.8%, 
and 90.9%, respectively. Of overall false-positive sites, 88.9% (8/9) were confirmed as 
tumor adjacent to the surgical margin. A dose of 40 lg/kg resulted in the highest accu-
racy of 92.3%. 
Conclusions and clinical implications: In PSMA-targeted PET imaging and fluorescence-
guided surgery, 68 Ga-P3 is safe and feasible for use, offering a novel tool for the surgical 
management of prostate cancer. 

© 2025 Published by Elsevier B.V. on behalf of European Association of Urology.
ADVANCING PRACTICE 

What does this study add? 
This study represents the first clinical evaluation of a dual-modality prostate-specific membrane antigen (PSMA)-targeted 
probe (68 Ga-P3) in prostate cancer. The probe 68 Ga-P3 facilitated accurate tumor detection via positron emission tomog-
raphy (PET)/computed tomography (CT) imaging and provided real-time guidance for tumor identification during sur-
gery. This approach introduces a novel tool for the surgical management of prostate cancer. 

Clinical Relevance 
One of the primary challenges in robot-assisted radical prostatectomy is accurate identification between cancerous and 
noncancerous tissues, which increases the risk of leaving residual disease behind. This first-in-human study addresses 
this challenge by using 68 Ga-P3 for accurate preoperative tumor localization through PET/CT imaging and real-time sur-
gical guidance through fluorescence imaging. The results suggest that fluorescence-guided surgery facilitates intraoper-
ative tumor detection at surgical margins and identifies residual disease within the resection bed, which may not be 
visible with white light. This capability may reduce the risk of positive surgical margin and residual diseases. Associate 
Editor: Gianluca Giannarini, MD. 

Patient Summary 
A dual-modality PSMA-targeted probe, 68 Ga-P3, was designed for use in both PET imaging and fluorescence-guided sur-
gery. The probe 68 Ga-P3 was shown to be safe and effective in detecting tumors that may not be visible with conventional 
methods. This technique has the potential to reduce the risk of leaving undetected cancer cells behind, thereby improving 
surgical outcomes. 
1. Introduction 

Prostate cancer is the second most common malignancy 
that affects men worldwide [1]. Radical prostatectomy 
(RP) has widely been used to treat intermediate- or high-
risk prostate cancer. The primary objectives of prostate can-
cer surgery are complete tumor resection and functional 
structure preservation. Accurately distinguishing between 
cancerous and noncancerous tissues during surgery is a 
challenge that impacts the risk of positive surgical margin 
(PSM) and biochemical recurrence [2,3]. To improve surgi-
cal outcomes, it is imperative to incorporate preoperative 
imaging assessments and intraoperative image-guided 
techniques. 

Prostate-specific membrane antigen (PSMA), which is 
overexpressed on the surface of prostate cancer cells, is 
emerging as an optimal biomarker for use in positron emis-
sion tomography (PET) imaging [4], radioligand therapy [5], 
and radioguided surgery [6,7]. The integration of a tumor-
specific dual-modality probe, which facilitates PET imaging 
gmail.com) en National Library
o se permiten otros usos sin auto
and near-infrared region fluorescence (NIRF) imaging, is a 
compelling strategy. PET is used for preoperative staging 
[4], whereas intraoperative fluorescence navigation aids in 
the precise delineation and complete resection of the tumor 
[8–10]. 

A series of PSMA-targeted dual-modality probes have 
been developed and tested in preclinical settings [11–18]. 
While antibodies suffer from slow background clearance 
[17] and aptamers suffer from limited tumor retention 
duration [18], PSMA-inhibitor–based probes derived from 
low-molecular-weight Glu-Urea PSMA-targeted moiety 
could present superior pharmacokinetics [11–15]. Modulat-
ing the hydrophilicity of the probes to balance the 
hydrophobicity that is introduced by the large near-
infrared dyes has been proved to be essential for optimizing 
pharmacokinetics to achieve high-contrast imaging at both 
early and late time points [16]. Despite these advances, 
most dual-modality probes are still in preclinical testing. 
Initial evidence from several small-scale clinical studies 
suggested the safety of these probes [15,19,20]. However,
 of Health and Social Security de ClinicalKey.es por Elsevier en junio 19, 
rización. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.
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critical factors, such as the optimal dose and its efficacy in 
preoperative PET imaging and intraoperative fluorescence 
imaging, have not been evaluated thoroughly. 

Recently, we reported that oxalyldiaminopropionic acid-
urea (ODAP-Urea) can bind to PSMA with similar potency to 
Glu-Urea, making it a promising new scaffold for developing 
PSMA-targeted ligands [21]. In clinical evaluations, ODAP-
Urea–based 68 Ga-P137 exhibited tumor uptake that was 
comparable with that of Glu-Urea–based 68 Ga-PSMA-617, 
but reduced accumulation of radioactivity in the bladder 
significantly [22]. Furthermore, we optimized an ODAP-
Urea–based PSMA-targeted probe, 68 Ga-P3, for sequential 
PET and fluorescence imaging. The improved hydrophilicity 
of the ODAP-Urea ligand, along with the hydrophilic linkers 
containing various carboxylates, may help balance the 
increased hydrophobicity of indocyanine green analogs. In 
a preclinical study, 68 Ga-P3 provided good contrast for 
PET/computed tomography (CT) imaging at 120 min after 
injection, as well as high tumor uptake in NIRF imaging at 
24 h [23]. 

This study was designed to investigate the safety, opti-
mal dose, and accuracy of 68 Ga-P3 for PET/CT imaging and 
intraoperative fluorescence-guided surgery for prostate 
cancer patients. 

2. Patients and methods 

2.1. Study design and participants 

This prospective, single-arm, dose-escalation study was 
conducted at Peking University First Hospital. The inclusion 
criteria included the following: age 18–80 yr, histologically 
confirmed prostate adenocarcinoma, intermediate- or high-
risk prostate cancer [24], and the presence or absence of 
suspicious regional lymph node metastasis (Fig. 1A). The 
exclusion criteria were as follows: history of neoadjuvant 
radiotherapy, hormonal therapy, or chemotherapy; pres-
ence of suspicious bone metastasis; or intolerance of a 
PET/CT scan or robotic surgery. The research protocol was 
performed in accordance with the Declaration of Helsinki 
and approved by the Institutional Review Board of Peking 
University First Hospital (2023SR527-004). All the partici-
pants provided written informed consent. This study was 
registered at www.chictr.org.cn (ChiCTR2400083878). 

2.2. The 68 Ga-P3 probe and PET/CT imaging protocol 

The probe 68 Ga-P3 consists of a PSMA-targeted moiety 
(ODAP-Urea), a radiometal chelator, an indocyanine green 
analog, and hydrophilic linkers with various carboxylates. 
The absorption spectra of P3 peaked at approximately 
808 nm, with an emission peak at approximately 835 nm. 
Synthesis of 68 Ga-P3 was performed according to the previ-
ously reported procedures [23]. Patients were assigned to 
three chemical dose groups (10, 20, and 40 lg/kg) according 
to the order of enrolment, with radioactivity of 3.7 MBq/kg 
(Fig. 1B). 

PET/CT acquisitions (uMI780; United Imaging, Shanghai, 
China) were conducted at 30, 60, and 120 min after injec-
tion, from the head to the midthigh (Fig. 1C). For attenua-
tion correction and anatomical referencing, a low-dose, 
noncontrast CT scan was performed with settings of 
120 kV tube voltage, 100 mA/s tube current, and a matrix 
size of 512 512. PET/CT scans involved four to five bed 
positions, with an acquisition time of 1.5 min per bed posi-
tion and a matrix size of 192 192. Reconstruction of PET 
data utilized the ordered-subset expectation maximization 
algorithm (two iterations, 20 subsets). An image analysis 
was conducted using the uExceed postprocessing worksta-
tion (version R001; United Imaging). 

2.3. Biodistribution and dosimetry evaluation of 68 Ga-P3 in 
humans 

The activities of 68 Ga were decay corrected to the time of 
injection and normalized to the total activity administered. 
uExceed postprocessing workstation was used for data pro-
cessing. To analyze the biodistribution of 68 Ga-P3, regions of 
interest were drawn manually on the largest transverse sec-
tion of major organs/tissues at 30, 60, and 120 min. The nor-
mal organs/tissues selected for a volume of interest analysis 
included the salivary glands, kidney, aorta, esophagus, 
colon, liver, pancreas, intestine, thyroid, spleen, adrenals, 
eye, gallbladder, lung, skin, and brain. 
2.4. Diagnostic performance of 68 Ga-P3 PET/CT and 
multiparameter magnetic resonance imaging 

All the patients underwent preoperative multiparameter 
magnetic resonance imaging (mpMRI). The prostate was 
sectioned into 12 anatomical regions (apex right anterior, 
apex right posterior, apex left posterior, apex left anterior, 
midzone right anterior, midzone right posterior, midzone 
left posterior, midzone left anterior, base right anterior, 
base right posterior, base left posterior, and base left ante-
rior) to determine the location of the tumor. This 12-
region grid was used to map tumor localization manually 
via 68 Ga-P3 PET/CT and mpMRI [25]. The pathological 
results served as the gold standard for evaluating diagnostic 
performance. 
2.5. Surgical procedures and fluorescence imaging 

As shown in the Supplementary video, all the patients 
underwent transperitoneal robot-assisted radical prostatec-
tomy (RARP) using a combination of posterior and anterior 
approaches [26,27]. All procedures were performed 24 ± 6 h 
after 68 Ga-P3 administration by an experienced surgeon 
(Dr. Cheng Shen) using the da Vinci Xi Surgical System 
(Intuitive Surgical, Sunnyvale, CA, USA). Extended pelvic 
lymph node dissection (e-PLND) was performed in patients 
with high-risk disease. Neurovascular bundle (NVB) preser-
vation was based on clinical criteria and patient preference. 

Firefly fluorescence imaging (Intuitive Surgical) relies on 
an imaging agent that is excited by a wavelength of 
805 ± 4 nm and emits light at approximately 830 nm. Intra-
operative fluorescence imaging was performed using a sen-
sitive mode (Fig. 1D), which occurred before, during, and 
after prostate resection (apex, basal, anterior, posterior, left 
lateral, and right lateral edges) and lymph node clusters. 
Critical structures, such as the bladder neck, urethra, NVB, 
and resection bed, were also inspected. The surgeon was
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Fig. 1 – Workflow for PET/CT imaging and fluorescence imaging using 68 Ga-P3. (A) Patients with prostate cancer required RARP. (B) Intravenous 
administration of 68 Ga-P3, with doses of 10 lg/kg to four patients, 20 lg/kg to six patients, and 40 lg/kg to six patients. (C) PET/CT imaging at 30, 60, and 
120 min after injection. (D) RARP with intraoperative fluorescence imaging at 24 ± 6 h after injection. Gold stars represent the fluorescent region. (E) 
Pathological analysis. CT = computed tomography; PET = positron emission tomography; RARP = robot-assisted radical prostatectomy. 
allowed to biopsy fluorescence-positive areas in the resec-
tion bed if these were deemed clinically suspicious, with 
all the samples subsequently subjected to a histopathologi-
cal analysis. The distance from the camera to the tissue was 
approximately 3 cm. The signal-to-background ratios (SBRs) 
were calculated by comparing the mean fluorescence inten-
sity of the fluorescent regions with that of nearby back-
ground areas using ImageJ 1.54f software (National 
Institutes of Health, Bethesda, MD, USA) [8]. 
2.6. Outcomes and follow-up 

All patients were followed for 3 mo. All adverse events 
(AEs), abnormal clinical laboratory tests, abnormal vital 
signs, assessment of the injection site, and abnormal 
12-lead electrocardiogram (ECG) were documented. AEs 
Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library
2025. Para uso personal exclusivamente. No se permiten otros usos sin auto
were graded according to the Common Terminology Criteria 
for Adverse Events (CTCAE; version 5.0). 

Fluorescent regions on the prostate surface were marked 
with ink. Hematoxylin and eosin–stained slides were evalu-
ated by an experienced uropathologist (Fig. 1E). In the fluo-
rescent regions, the distance from the tumor to the surgical 
margin and the linear length of the tumor adjacent to the 
surgical margin were measured using Caseviewer (3DHIS-
TECH, Budapest, Hungary). PSM was defined as the presence 
of tumor tissue on the surface of the specimen. Tumor adja-
cent to the surgical margin was defined as a tumor located 
<2 mm from the surgical margin. 

The console time was defined as the time from the com-
pletion of robot docking to the start of robot undocking. The 
fluorescence time was defined as the time using fluores-
cence imaging during the surgery. Prostate-specific antigen
 of Health and Social Security de ClinicalKey.es por Elsevier en junio 19, 
rización. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.
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(PSA) persistence was defined as a PSA level exceeding 
0.1 ng/ml at 6 wk. The PSA level at 3 mo was also recorded. 
Urinary continence was defined as the use of no more than 
one pad daily or urine leakage of <20 g, as determined by a 
24-h pad weight test. 

2.7. Statistical analysis 

The sample size of 16 patients was chosen on the basis of 
practical and clinical considerations [8,9,28]. The diagnostic 
performance of 68 Ga-P3 PET/CT and mpMRI for tumor local-
ization included sensitivity, specificity, negative predictive 
value (NPV), and positive predictive value (PPV). The McNe-
mar test was used to compare the diagnostic performance. 

The NPV, PPV, and accuracy of intraoperative fluores-
cence imaging were determined using a pathological PSM 
or cancerous invasion of residual disease as the gold stan-
dard. Regions with negative fluorescence findings in the 
remaining critical structures or resection bed were not 
included in the diagnostic analysis because of the absence 
of pathological confirmation. 

Continuous variables are shown as the medians (in-
terquartile ranges), and categorical variables are shown as 
numbers (percentages). Statistical analyses were executed 
using SPSS 26.0 software (SPSS Software Inc., Chicago, IL, 
USA). 
3. Results 

3.1. Patient characteristics 

Between May 2024 and July 2024, a total of 16 patients 
were included. The demographic and baseline prostate 
cancer characteristics are shown in Table 1. The median 
age was 65 (61–68) yr, and the median initial PSA was 
9.43 (6.81–13.70) ng/ml. The median console time was 
88.9 (85.2–106.4) min, while the median fluorescence 
imaging time was 6.8 (4.2–11.2) min. Unilateral NVB 
preservation was performed in three patients, whereas 
bilateral preservation was accomplished in one patient. In 
five patients with high-risk disease, e-PLND was performed, 
and node metastasis was detected in only one patient 
(patient 9). 

3.2. Safety assessment 

The probe 68 Ga-P3 was well tolerated, with no clinically sig-
nificant changes in vital signs, laboratory parameters, injec-
tion site, or ECG. All surgeries with fluorescence imaging 
were performed successfully as per the protocol. Scrotal 
edema was the only AE observed in one patient. No serious 
AEs or AEs related to 68 Ga-P3 administration or fluorescence 
imaging were observed. 

3.3. PET/CT imaging of 68 Ga-P3 and its dosimetry 

The dosimetry of 68 Ga-P3 was first studied by using the 
OLINDA/EXM. The application of 3.7 MBq/kg for this study 
produced an acceptable image quality. The highest organ 
dose values for 68 Ga-P3 were estimated in the kidney, liver, 
thyroid, spleen, and prostate. The effective dose of 68 Ga-P3 
was estimated to be 6.00 ± 1.15 mSv/MBq (Table 2), which 
is much lower than the limit recommended by the U.S. Food 
and Drug Administration for research studies [29]. 

All the prostate cancer lesions exhibited different 
degrees of radioactivity. No regional lymph node 
involvement or distant metastasis was detected in any 
patient on PET/CT images. Two hours after administration, 
the median tumor maximum standardized uptake value 
(SUVmax) was 5.3 (4.1–8.1), and the median tumor-to-
background ratio (TBR) of the SUVmax was 2.4 (1.8–3.3). 
The representative maximum-intensity-projection images 
from 68 Ga-P3 (patient 6) are shown in Fig. 2. The uptake 
at the tumor sites increased gradually with prolonged time, 
and the contrast between the tumor and background was 
better visualized at 120 min after injection. 

3.4. Head-to-head comparison of 68 Ga-P3 PET/CT and 
mpMRI 

A total of 67 positive tumor regions were confirmed by a 
pathological analysis of prostate specimens from all 16 
patients. As shown in Table 3, the sensitivity, specificity, 
PPV, and NPV of 68 Ga-P3 PET/CT for detecting tumor lesions 
were 79.1%, 90.4%, 81.5%, and 89.0%, respectively. Compared 
with mpMRI, 68 Ga-P3 PET/CT displayed relatively higher 
sensitivity (p = 0.454) but lower specificity (p = 0.057). 

3.5. Intraoperative fluorescence imaging 

As shown in Table 4, 97 primary surgical margin regions 
and two residual disease regions were imaged in vivo. 
Among these regions, 16 fluorescent regions were identified 
in 12 patients. As shown in the Supplementary video, a flu-
orescent region was observed and confirmed to be the PSM 
at the apex in a patient with apical disease, as revealed by 
preoperative 68 Ga-P3 PET/CT and mpMRI (patient 11; 
Fig. 3A and 3B). In this study, a total of two residual diseases 
(patient 11) were identified around the urethra and excised 
completely using intraoperative fluorescence guidance, 
with subsequent confirmation by a pathological analysis 
(Fig. 3C and 3D). No other residual fluorescent sites were 
detected in the remaining critical structures or resection 
beds of the other 15 patients. 

Table 5 presents the diagnostic accuracy of intraopera-
tive fluorescence imaging for detecting prostate surgical 
margin and/or residual disease in relation to the pathologi-
cal results. The overall NPV, PPV, and accuracy were 100%, 
43.8%, and 90.9%, respectively. A chemical dose of 40 lg/ 
kg resulted in the highest accuracy, with an NPV of 100%, 
a PPV of 57.1%, and an accuracy of 92.3%. Notably, 88.9% 
(8/9) of overall false-positive sites were confirmed as tumor 
adjacent to the surgical margin (Fig. 4). The median mini-
mum distance from the surgical margin to the tumor in 
the fluorescent region was 0.471 (0.136–1.547) mm. During 
e-PLND, no fluorescent nodes were observed. 

3.6. Short-term outcomes 

The overall PSM rate was 25.0% (4/16). PSA persistence was 
observed in one (6.3%) patient, although the pathological 
analysis did not reveal any evidence of PSM. The persistent 
PSA may be attributed to a suspected bone metastasis that
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Table 1 – Patient demographics and characteristics 

Characteristic P3 dose (lg/kg) 

Overall 
(n = 16) 

10 
(n =  4  )  

20 
(n =  6  )  

40 
(n =  6  )  

Age (yr) 65 (61–68) 66 (61–68) 61 (59–75) 66 (60–69) 
Weight (kg) 74 (68–76) 67 (58–73) 74 (71–75) 78 (67–89) 
BMI (kg/m2 ) 24.3 (23.0–24.8) 22.6 (20.3–24.0) 24.7 (24.0–24.9) 24.5 (22.7–27.9) 
Preoperative PSA (ng/ml) 9.43 (6.81–13.70) 8.58 (7.14–10.15) 12.9 (5.23–27.53) 10.16 (6.85–12.92) 
Prostate volume (ml) 31.71 (19.61–44.35) 18.24 (14.07–34.65) 27.67 (17.49–35.81) 40.11 (29.94–55.16) 
Clinical tumor stage, n (%) 
T2b 2 (12.5) 1 (25) 1 (16.7) 0 (0) 
T2c 10 (62.5) 1 (25) 4 (66.7) 5 (83.8) 
T3a 4 (25) 2 (50) 1 (16.7) 1 (16.7) 

Biopsy ISUP group, n (%) 
1 2 (12.5) 0 (0) 1 (16.7) 1 (16.7) 
2 10 (62.5) 2 (50) 3 (50.0) 2 (33.3) 
3 5 (31.3) 0 (0) 2 (33.3) 3 (50.0) 
4 1 (6.3) 1 (25) 0 (0) 0 (0) 
5 1 (6.3) 1 (25) 0 (0) 0 (0) 

PSM, n (%) 4 (25) 1 (25) 1 (16.7) 2 (33.3) 
Pathological tumor stage, n (%) 
T2 7 (43.8) 1 (25) 4 (66.7) 2 (33.3) 
T3a 6 (37.5) 3 (75) 0 (0) 3 (50.0) 
T3b 3 (18.8) 0 (0) 2 (33.3) 1 (16.7) 

Pathological ISUP group, n (%) 
1 1 (6.3) 0 (0) 1 (16.7) 0 (0) 
2 5 (41.3) 0 (0) 2 (33.3) 3 (50.0) 
3 7 (43.8) 3 (75) 2 (33.3) 1 (16.7) 
4 1 (6.3) 0 (0) 1 (16.7) 0 (0) 
5 2 (12.5) 1 (25) 0 (0) 1 (16.7) 

PSA 6 wk after surgery (ng/ml) 0.017 (0.007–0.039) 0.008 (0.006–0.028) 0.029 (0.010–0.046) 0.018 (0.008–0.235) 

BMI = body mass index; ISUP = International Society of Urological Pathology; PSA = prostate-specific antigen; PSM = positive surgical margin. 

Table 2 – Normal-organ absorbed doses for 68 Ga-P3 (lGy/MBq, 
mean ± SD) 

Organs Absorbed dose (mean, lGy/MBq) SD 

Adrenals 14.9 3.91 
Brain 0.21 0.05 
Esophagus 1.31 0.42 
Eyes 0.08 0.03 
Gallbladder wall 6.46 2.18 
Left colon 2.49 0.79 
Small intestine 1.69 0.63 
Stomach wall 2.54 0.94 
Right colon 2.40 0.95 
Rectum 0.39 0.07 
Heart wall 2.47 1.02 
Kidneys 132 41.4 
Liver 30.3 13.2 
Lungs 2.15 0.82 
Pancreas 8.84 2.67 
Prostate 41.6 7.24 
Salivary glands 27.1 11.3 
Red marrow 1.03 0.18 
Osteogenic cells 0.69 0.12 
Spleen 51.3 19.6 
Testes 14.1 2.93 
Thymus 0.55 0.18 
Thyroid 17.8 9.86 
Urinary bladder wall 0.76 0.08 
Total body 1.77 0.47 
Effective dose (lSv/MBq) 6.00 1.15 

SD = standard deviation. 
was identified by postoperative MRI and 18 F-PSMA-137 
PET/CT imaging [30] at 3 mo (patient 13). None of the other 
patients experienced biochemical recurrence during the 3-
mo follow-up period. The median PSA level at 3 mo was 
Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library
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0.006 (0.006–0.015) ng/ml. The urinary continence rates at 
48 h, 1 wk, 4 wk, and 3 mo were 43.8%, 56.3%, 62.5%, and 
93.8%, respectively. 

4. Discussion 

PSMA-targeted fluorescence-guided surgery has recently 
gained attention as a promising strategy for intraoperative 
navigation because of its intuitive nature. PSMA-targeted 
NIRF probes, which are well tolerated and allow for targeted 
fluorescence imaging to help surgeons distinguish tumors 
from surrounding healthy tissues, have been developed 
and advanced to clinical stage [8–10]. While NIRF probes 
are valuable for real-time tumor visualization, these are 
often used alongside radioactive probes for the preoperative 
evaluation of distant metastasis. The development of a dual-
modality probe combining PET and NIRF imaging presents a 
potentially effective strategy for both diagnostic and 
surgery-guided purposes. 

This first-in-human study indicates that 68 Ga-P3 is safe 
and allows both PSMA-targeted PET imaging and 
fluorescence-guided RARP in prostate cancer patients. No 
serious AEs or AEs related to 68 Ga-P3 administration or flu-
orescence imaging occurred. 

To optimize the time window for PET/CT imaging, scans 
were conducted at 30, 60, and 120 min after 68 Ga-P3 admin-
istration. Ultimately, the imaging at 120 min revealed the 
highest TBR of the SUVmax and an optimized image con-
trast. The time window for fluorescence-guided surgery 
was set to 24 ± 6 h on the basis of several key considera-
tions. First, preclinical studies have shown significant excre-
 of Health and Social Security de ClinicalKey.es por Elsevier en junio 19, 
rización. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.
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Fig. 2 – Maximum-intensity-projection images at (A) 30, (B) 60, and (C) 120 min after injection of 68 Ga-P3. Arrows represent the prostate tumors at different 
time points. 

Table 3 – Diagnostic performance for tumor localization of 68 Ga-P3 
PET/CT and mpMRI 

68 Ga-P3 PET/CT (%) mpMRI (%) p value 

Sensitivity 79.1 73.1 0.454 
Specificity 90.4 96.8 0.057 
PPV 81.5 92.5 
NPV 89.0 87.1 

CT = computed tomography; mpMRI = multiparameter magnetic reso-
nance imaging; NPV = negative predictive value; PET = positron emission 
tomography; PPV = positive predictive value. 
tion of P3 in urine at 2 h [23]. This raised concerns that the 
fluorescent probe in the urine could contaminate the surgi-
cal field, particularly after incision of the bladder neck. The 
delayed time window may decrease contamination in the 
surgical field and increase the accuracy of fluorescence 
imaging [8,9]. Second, the high tumor uptake observed at 
24 h in preclinical studies further supported the feasibility 
of fluorescence-guided surgery within this time window 
[23]. Furthermore, considering the 67.6 min half-life of 
68 Ga, the time window of 24 h could minimize the risk of 
radiation exposure in the operating room. 

For the localization of prostate cancer through PET/CT 
imaging, 68 Ga-P3 presented good diagnostic performance. 
The head-to-head comparison for tumor localization indi-
cated that 68 Ga-P3 PET/CT and mpMRI have comparable 
sensitivity and specificity. However, 68 Ga-P3 PET/CT has 
the advantage of allowing whole-body screening, which is 
particularly beneficial for preoperative staging. 

The probe 68 Ga-P3 also enables real-time surgical margin 
assessment, achieving overall NPV, PPV, and accuracy of 
100%, 43.8%, and 90.9%, respectively, which are comparable 
Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library o
2025. Para uso personal exclusivamente. No se permiten otros usos sin autori
with those of PSMA-targeted NIRF probes [8,9]. The false-
positive sites are also valuable for fluorescence-guided sur-
gery, because of the high incidence of tumor adjacent to the 
surgical margin in the fluorescent region. Surgeons should 
meticulously separate these areas to preserve the capsule 
and avoid reaching the tumor. Additionally, two residual 
cancerous tissues in the resection bed, which may other-
wise have been overlooked, were identified and excised 
successfully with fluorescence guidance (Fig. 3). No other 
residual fluorescent regions were detected in the other 15 
patients. Except for one patient with suspicious bone 
metastasis, no elevated PSA was observed at either the 6-
wk or 3-mo follow-up, which may indirectly support the 
negative fluorescence findings of the resection bed. Further-
more, the efficacy of fluorescence imaging for lymph node 
clusters should be investigated further, because of the low 
incidence of e-PLND and metastatic nodes in this study. 
The suboptimal detection of the metastatic node may be 
attributed to its small size. The overlying adipose tissue 
might also hinder the detection of fluorescent metastatic 
nodes because of the restricted penetration depth of near-
infrared light. 

The current findings showed a trend toward a higher 
number of true positives and an improved PPV with an 
increasing dose of 68 Ga-P3. The highest accuracy was 
observed at a dose of 40 lg/kg, which is comparable with 
that of low-molecular-weight NIRF probes [8,9], but signif-
icantly lower than that of minibody NIRF probes [10]. How-
ever, no improvement in NPV was observed with higher 
doses. Therefore, further investigations are needed to deter-
mine the optimal chemical dose of 68 Ga-P3 for intraopera-
tive imaging.
f Health and Social Security de ClinicalKey.es por Elsevier en junio 19, 
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Table 4 – Intraoperative disease findings with 68 Ga-P3 versus pathology results 

Patient Clinical TNM 
stage 

Fluorescence imaging Pathological results 

Location of fluorescent 
region 

SBR Pathological result in fluorescent region T stage Resection 
margin 

Location 
of PSMs 

Minimum distance from the 
tumor to the surgical margin 
in fluorescent region (mm) 

Linear length of the 
tumor adjacent to the 
surgical margin (mm) 

Dose of 10 lg/kg 
1 cT3aN0M0 Posterior 9.050 PSM pT3a R1 Posterior 20.4 
2 cT2bN0M0 Posterior 7.463 Tumor adjacent to the surgical margin pT3a R0 1.864 1.3 
3 cT3aN0M0 Apex 3.194 Tumor adjacent to the surgical margin pT3a R0 0.534 2.0 
4 cT2cN0M0 Posterior 6.892 Tumor adjacent to the surgical margin pT2 R0 0.167 11.1 
Dose of 20 lg/kg 
5 cT2bN0M0 Anterior 9.704 Tumor adjacent to the surgical margin pT2 R0 1.805 23.0 
6 cT2cN0M0 pT2 R0 
7 cT2cN0M0 pT2 R0 
8 cT2cN0M0 L + R 32.834 (L) 

13.498 (R) 
PSM 
PSM 

pT3b R1 L + R 25.2 (L) 
31.4 (R) 

9 cT3aN0M0 Apex 6.094 Tumor adjacent to the surgical margin pT3b R0 0.125 12.4 
10 cT2cN0M0 L 1.879 No cancerous tissue pT2 R0 – – 
Dose of 40 lg/kg 
11 cT2cN0M0 Apex + around urethra 54.556 (apex) 

19.965 (residual 1) 
9.588 (residual 2) 

PSM 
Cancerous invasion 
Cancerous invasion 

pT3a R1 Apex 8.531 

12 cT2cN0M0 pT3a R0 
13 cT3aN0M0 R 7.818 Tumor adjacent to the surgical margin pT3b R0 0.408 41.2 
14 cT2cN0M0 pT3a R0 
15 cT2cN0M0 Apex 6.770 PSM pT2 R1 Apex 34.1 
16 cT2cN0M0 LP + RP 7.388 (LP) 

19.889 (RP) 
Tumor adjacent to the surgical margin 
Tumor adjacent to the surgical margin 

pT2 R0 0.774 (LP) 
0.116 (RP) 

11.4 (LP) 
11.1 (RP) 

L = left; LP = Left posterior; PSM = positive surgical margin; R = right; RP = right posterior; SBR = signal-background ratio; TNM = tumor, node, metastasis.
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Fig. 3 – Identification of PSM and two residual lesions. (A) Preoperative 68 Ga-P3 PET/CT imaging and mpMRI, indicating apex disease (gold arrows). (B) A 
fluorescent region at the prostate apex, confirmed as a PSM by a pathological analysis. Fluorescent regions at (C) residual disease 1 (gold stars) and (D) residual 
disease 2 (gold stars) are shown. These two fluorescent residual diseases were identified around the urethra and excised using intraoperative fluorescence 
guidance, with subsequent confirmation as cancerous invasion by a pathological analysis. CT = computed tomography; mpMRI = multiparameter magnetic 
resonance imaging; PET = positron emission tomography; PSM = positive surgical margin. 

Table 5 – Diagnostic accuracy of fluorescence imaging for prostate surgical margin and/or residual disease detection 

Overall 10 lg/kg 20 lg/kg 40 lg/kg 

True positive 7 1 2 4 
True negative 83 20 31 32 
False positive 9 3 3 3 
False negative 0 0 0 0 
NPV (%) 100 100 100 100 
PPV (%) 43.8 25.0 40.0 57.1 
Accuracy (%) 90.9 87.5 91.7 92.3 

NPV = negative predictive value; PPV = positive predictive value. 

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en junio 19, 
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Several limitations need to be addressed. First, the rela-
tively small sample size may limit robust statistical analy-
ses. While the preliminary results appear promising, the 
short follow-up period limits a comprehensive evaluation
of oncological benefits. Second, the negative findings of 
the resection bed lack pathological confirmation, especially 
for patients with a PSM. Additionally, the results were 
obtained from surgeries performed by a single surgeon at
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Fig. 4 – Identification of tumors adjacent to the surgical margin. (A) PET/CT imaging and mpMRI indicating two lesions at the right (green arrows) and left 
(gold arrows) posterior sites. Fluorescent regions at (B) right posterior prostate (green stars) and (C) left posterior prostate (gold stars), confirmed as tumors 
adjacent to the surgical margin by a pathological analysis. CT = computed tomography; mpMRI = multiparameter magnetic resonance imaging; PET = positron 
emission tomography. 
a high-volume tertiary referral center with substantial 
experience in RARP; therefore, the findings may not be 
easily applicable to other settings.

5. Conclusions 

The clinical application of 68 Ga-P3 has been demonstrated 
to be safe; 68 Ga-P3 facilitates preoperative tumor detection 
via PET/CT imaging and real-time fluorescence guidance 
during surgery, thereby potentially reducing the risk of 
residual disease. These capabilities introduce a novel 
approach for the surgical management of prostate cancer. 
However, to further evaluate the optimal dose and oncolog-
ical benefits of 68 Ga-P3, randomized studies with larger 
groups and longer follow-up time are needed. 
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