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Abstract

In this prospective two-center feasibility study, we evaluate the diagnostic value of
intraoperative ex vivo specimenPET/CT imaging of radical prostatectomy (RP) and
lymphadenectomy specimens. Ten patients with high-risk prostate cancer under-
went clinical prostate-specificmembrane antigen (PSMA) positron emission tomog-
raphy/computed tomography (PET/CT) preoperatively on the day of surgery. Six
patients received 68Ga-PSMA-11 and four 18F-PSMA-1007. Radioactivity of the
resected specimen was measured again using a novel specimenPET/CT device
(AURA10; XEOS Medical, Gent, Belgium) developed for intraoperative margin
assessment. All index lesions of staging multiparametric magnetic resonance imag-
ing could be visualized. Overall, specimenPET/CT correlated well with conventional
PET/CT regarding detection of suspicious tracer foci (Pearson coefficient 0.935). In
addition, specimenPET/CT demonstrated all lymph node metastases detected on
conventional PET/CT (n = 3), as well as three previously undetected lymph node
metastases. Importantly, all positive or close (<1 mm) surgical margins could be
visualized in agreement with histopathology. In conclusion, specimenPET/CT
enables detection of PSMA-avid lesions and warrants further investigation to tailor
RP, based on a good correlation with final pathology. Future trials will prospectively
compare ex vivo specimenPET/CT with a frozen section analysis for the detection of
positive surgical margins and assessment of biochemical recurrence–free survival.
Patient summary: In this report, we examined prostatectomy and lymphadenec-
tomy specimens for suspicious positron emission tomography (PET) signals after
preoperative tracer injection. It was found that in all cases, a good signal could
be visualized, with a promising correlation of surface assessment compared with
histopathology. We conclude that specimenPET imaging is feasible and may help
improve oncological outcomes in the future.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association of
Urology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
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Avoidance of positive surgical margins (PSMs) during radi-
cal prostatectomy (RP) is of particular interest, as unfavor-
able PSMs (>3 mm and/or multifocal) confer a higher
oncological risk of developing metastases and might neces-
sitate additional postoperative radiotherapy [1]. Besides a
negative impact on oncological outcome, additional therapy
might also negatively influence continence and potency—
key components of quality of life in patients undergoing
RP. Thus, precise localization of prostate cancer (PC) is cru-
cial for diagnosis and therapy. Schlomm et al [2] described
that intraoperative frozen sectioning (IFS) has the potential
to significantly increase nerve sparing during RP while
reducing PSMs [2]. Additionally, preoperative imaging such
as multiparametric magnetic resonance imaging (mpMRI)
may guide IFS to significantly reduce PSMs [3]. On the con-
trary, novel PC-directed molecular imaging with positron
emission tomography (PET) targeting prostate-specific
membrane antigen (PSMA) with 68Ga- and 18F-labelled
PET agents is usually used to improve staging [4].

The main objective of our feasibility study was to evalu-
ate whether PSMA-directed PET radiopharmaceuticals in
combination with a novel specimenPET/CT scanner can be
used to detect a sufficient signal of PC lesions within dis-
sected prostate and lymph node specimens, and whether
imaging findings may also be used for intraoperative margin
Fig. 1 – (A) Outline of the study schedule as a ‘‘one-stop shop protocol’’. Examinat
preoperative PSMA PET/CT. After removal of the prostate, the specimen was imm
injection are given below as median. (B) The specimenPET/CT images of a represen
prostate as well as (D) of the attached seminal vesicles and vas deferens after pre
involvement, with histopathological close surgical margin of the left dorsal lobe
PET/CT = positron emission tomography/computed tomography; p.i. = post injec
assessment. For this, patients with histologically proven
high-risk PC underwent PSMA PET/CT immediately followed
by RP and consecutive ex vivo specimenPET/CT imaging
(AURA10; XEOS Medical, Gent, Belgium) of retrieved speci-
mens, with a median time of 36.5 min post injection (p.i.;
interquartile range [IQR]: 31; 60.8 min) to conventional
PET, 204 min p.i. (IQR: 177.3, 220.3) to the start of RP, and
331 min p.i. (IQR: 308.8, 380.5) to specimenPET/CT (Fig. 1
and the Supplementary material). A pilot analysis with two
PC patients recently showed promising results in terms of
spatial resolution and assessment of PC localization,
although the design with an intraoperative injection differs
from the approach presented here [5].

In our series, ten consecutive patients with locally
advanced PC received PSMA PET/CT followed by RP and
extended pelvic lymphadenectomy on the same day. In
six men, 68Ga-PSMA-11 was given, while four received
18F-PSMA-1007. Written informed consent for study partic-
ipation was obtained (local ethics committee approval:
19-8749-BO). In case of metastatic PC, surgery would have
been cancelled. RP was performed robotically by two expe-
rienced surgeons (B.A.H., >500 cases, and T.M., >500 cases).
After removal, tumor specimens were transferred into trays
and examined immediately by specimenPET/CT. The total
acquisition time was 12 min (2 min CT and 10 min PET).
ion of prostate specimen in patients undergoing radical prostatectomy after
ediately examined by specimenPET/CT. The corresponding time data after
tative prostate specimen in the sagittal plane, the transverse plane (C) of the
operative 68Ga-PSMA-11 administration. The orange arrow suggests margin
and positive surgical margins of the right seminal vesical and vas deferens.
tion; PSMA = prostate-specific membrane antigen.
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The spatial resolution PET of about 1 mm, combined with
high-resolution CT with a resolution of about 0.2 mm,
enables direct assessment of findings in the operating room.
To provide anatomic references for areas of increased radio-
tracer uptake, PET data are coregistered to CT reconstructed
images, resulting in high detail cross-sectional imaging in
three dimensions. In the current feasibility study, surgery
was not influenced by PET imaging. Pathological workup,
referred to as the gold standard, was performed according
to current clinical standards by two dedicated pathologists
with more than 10 yr of experience in genitourinary pathol-
ogy. For the current analysis, quadrants were digitally
reconstructed to whole mounts.

Patient demographic, histopathological, and imaging
data are shown in Table 1. In all ten patients, index lesions
of mpMRI (n = 11) were visualized correctly on conven-
tional PSMA PET/CT. Fourteen out of 15 lesions (93%) of con-
ventional PSMA PET/CT were also PSMA-positive
intraoperatively by specimenPET/CT, resulting in a signifi-
cant correlation with the Pearson coefficient of 0.935
(p = 0.001). No additional lesions were detected. The one
additional faint lesion in conventional PET/CT, which could
Table 1 – Patient and imaging characteristics

Patient characteristics (n = 10)

Age (yr), median (IQR)
BMI (kg/m2), median (IQR)
Initial PSA (ng/ml), median (IQR)
T stage at biopsy, n (%)
T1c
cT2a
cT2b
cT3a
cT3b

ISUP-GGG at biopsy, n (%)
ISUP 3
ISUP 4
ISUP 5

T stage at prostatectomy, n (%)
pT2c
pT3a
pT3b

ISUP-GGG at prostatectomy, n (%)
ISUP 2
ISUP 3
ISUP 4
ISUP 5

Pathological lymph node status
pN0

pN1
Resection status
R1-resection
R0-resection

NCCN risk score at prostatectomy
High risk, n (%)
Imaging characteristics

Activity injected (MBq), median (IQR)

Tracer activity at PET/CT
(kBq/ml), median (IQR)

Activity at specimenPET/CT
(kBq/ml), median (IQR)

Time from injection to specimenPET/CT (min),
median (IQR)

Preoperative SUVmax, median (IQR)

BMI = body mass index; GGG = Gleason grade group; IQR
Urological Pathology; NCCN = National Comprehensive Ca
phy/computed tomography; PSA = prostate-specific antig
Values are given as median and interquartile range or abs
not be visualized in specimenPET/CT, was located basally
immediately in the urethral region, so that an artifact due
to urine is also possible. Histopathologically, there was no
evidence of tumor. Histopathology proved negative surgical
margins in six patients. PSMs were found in four men with
pT3 disease. These matched with suspicious tracer signal
displayed in the ex vivo specimenPET/CT. Of note, one
patient had two PSMs at the right seminal vesicle and iso-
lated tumor cells in the right vas deferens. Both findings
could be imaged on specimenPET/CT. In addition, there
was a suspicion of a PSM dorsally on the left in the prostate.
Histopathology also confirmed this finding with a very close
surgical margin (<1 mm) and revealed pT3b, pN1, and R1
(bifocal) with Gleason grade group of 5. In this patient,
the estimated activity at the time of intraoperative speci-
menPET/CT was only 1.3 kBq/ml with 68Ga-PSMA-11
(Fig. 1 and Supplementary Fig. 1). Overall, there were nine
areas close to the surgical margin in addition to the PSM,
all of which could be confirmed histopathologically. This
very promising result is in contrast with other molecular
imaging techniques such as Cerenkov luminescence imag-
ing, where, on the one hand, artificial signals complicate
65.6 (60.8; 70.5)
27.4 (24.7; 28.8)
8.15 (5.7; 12.9)

5 (50)
1 (10)
2 (20)
1 (10)
1 (10)

2 (20)
2 (20)
6 (60)

2 (20)
4 (40)
4 (40)

1 (10)
2 (20)
1 (10)
6 (60)

7 (70)
3 (30)

4 (40)
6 (60)

10 (100)
68Ga-PSMA-11
(n = 6)

18F-PSMA-1007
(n = 4)

172 (138.8; 180.8) 223.5 (211.3;
273.3)

18.6 (13.2; 26.6) 40.2 (22.9; 71.7)

1.0 (0.5; 1.4) 7.7 (3.4; 8.7)

310 (264; 358.5) 392.5 (323.5;
433.8)

12.9 (10.6; 17.3) 26 (12.4; 40)

= interquartile range; ISUP = International Society of
ncer Network; PET/CT = positron emission tomogra-
en; SUVmax = maximum standardized uptake value.
olute numbers and percent.
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the assessment and, on the other hand, the minimum activ-
ity was missed in our one stop protocol [6,7]. There was
increased activity at the time of intraoperative imaging with
18F-PSMA-1007 (p = 0.01; Supplementary material, and
Supplementary Fig. 2 and 3); 18F has a longer half-life and
provides a higher resolution due to lower positron energy,
when comparing with 68Ga (0.65 vs 1.9 MeV). The spatial
resolution achieved in preclinical scanners is about 1.1
mm for 18F and 2.1 mm for 68Ga [8,9]. A segmentation algo-
rithm was used to improve PET display in correlation with
histopathology. By adjusting the fade level, the operator
has some control over the contrast level in the final image.
An analysis for radiotracer foci segmentation showed an
optimal threshold of 11–30% of the maximal signal for
assessing surgical margins. However, this calculation is
based on a small number of cases, so further validation in
a larger cohort is needed. Interestingly, this small collective
did not show a typical background signal, as is the case with
conventional PET/CT. Preoperative PSMA PET/CT demon-
strated a suspicious lymph node status in one of ten
patients. In this patient, all dissected PSMA PET/CT–positive
lymph nodes were also confirmed by specimenPET/CT after
dissection and histopathology, while no additional lymph
node metastases were identified by final histopathology
(Supplementary material, and Supplementary Fig. 4).
Importantly, specimenPET/CT detected three more lymph
node metastases in two additional patients, 6 mm and twice
5 mm in long axis diameter, all confirmed by histopathol-
ogy. Owing to the size of the lymph node metastasis, a lack
of visualization on conventional PET/CT may be due to spa-
tial resolution [10].

We acknowledge limitations of this feasibility study. Sta-
tistical analysis is limited due to the inclusion of a small
sample size. Patients were selected based on a high likeli-
hood of PSMs and are therefore not representative of the
general population that will undergo RP. Nevertheless, the
included patients are those who could benefit most from
an intraoperative margin assessment. The time dependency
between injection and RP requires a good cooperation
between urology and nuclear medicine, and is currently a
limitation for part of the urological centers. As outlined by
Muraglia et al [5], intraoperative injection without conven-
tional PET/CT would facilitate procedures. The optimal
injection volume and the time interval between injection
and separation of the prostate from the blood supply should
be investigated in further studies. However, intraoperative
specimenPET/CT employs nuclear medicine methods to
inform urological surgery for improved local treatment of
PC. This new imaging modality brings the urology and
nuclear medicine communities more closely together to
make progress in PC [11].

This study demonstrates that PSMA-based speci-
menPET/CT as part of a one-stop shop protocol is feasible
and a promising technique for intraoperative margin
assessment in PC. The diagnostic accuracy of speci-
menPET/CT will now be evaluated in a larger population
to validate the quantitative threshold between 11% and
30% of maximal signal, to distinguish PSMs from negative
surgical margins, in addition to visual inspection alone. In
the future, this might improve surgery, and reduce the
necessity of adjuvant radiotherapy and the risk of local
recurrence after RP.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
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