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Abstract
Background  The aim was to compare the diagnostic accuracy of 68Ga-PSMA PET/CT with conventional cross-sectional 
imaging and diffusion-weighted MRI (DW-MRI) for detecting lymph node metastasis (LNM) to stage prostate cancer patients. 
Twenty consecutive, newly- diagnosed prostate cancer patients were prospectively enrolled and underwent 68Ga-PSMA-11 
PET/CT, anatomical MRI or contrast-enhanced CT, and DW-MRI prior to laparoscopic, template-based, extended lymph 
node dissection. Histopathological findings served as the reference test.
Results  Histopathology showed LNM in 13 of 20 patients (19 high-risk, 1 intermediate risk). Five patients had metastasis-
suspected lymph nodes on 68Ga-PSMA PET/CT. Patient-based analysis showed that the sensitivity and specificity for detect-
ing LNM were 39% and 100% with 68Ga-PSMA PET/CT, 8% and 100% with MRI/CT, and 36% and 83% with DW-MRI, 
respectively. The positive and negative predictive values were 100% and 49% with 68Ga-PSMA PET/C, 100% and 37% with 
MRI/CT, and 80% and 42% with DW-MRI. Of 573 dissected lymph nodes, 33 were LNM from 26 regions. True-positive 
LNM on 68Ga-PSMA PET/CT was 9–11 mm in diameter, whereas false-negative LNM had a median diameter of 4 mm, with 
only 3 of 30 lymph nodes being larger than 10 mm. LNM were positive for PSMA by immunostaining.
Conclusions  The sensitivity of 68Ga-PSMA PET/CT was notably better than that of MRI/CT and comparable to that of DW-
MRI. Some false positive findings with DW-MRI reduced its specificity and positive predictive value compared with those 
of 68Ga-PSMA PET/CT and MRI/CT.

Keywords  Anatomical cross-sectional imaging · Diagnostic accuracy · Prostatic neoplasm · PSMA PET/CT · Staging

Background

Patients with newly diagnosed prostate cancer (PCa) and 
unfavorable disease characteristics should undergo staging 
for bone and lymph node metastasis (LNM) according to 
most guidelines, e.g., the European Association of Urology 
(EAU) [1–3]. These guidelines consistently recommend ana-
tomical imaging with computed tomography (CT) or mag-
netic resonance imaging (MRI) for LNM staging despite the 
modest positive and negative predictive values of anatomical 
imaging methods for LNM [4].

Gallium-68-labeled prostate-specific membrane anti-
gen positron emission tomography/computer tomography 
(68Ga-PSMA PET/CT) is a contemporary functional imag-
ing modality for the detection of PCa and PCa metastases 
[5, 6]. The technical and clinical developments of 68Ga-
PSMA PET/CT are rapidly evolving, particularly in evalu-
ating biochemical recurrence [6, 7]. There are some data on 
68Ga-PSMA PET/CT for LNM staging as part of the initial 
workup [8, 9], though mostly retrospective trials with histo-
pathological reference and trials without a proper reference 
test [10].

The purpose of this prospective, diagnostic test accu-
racy study was to compare the diagnostic performance of 
68Ga-PSMA PET/CT with that of anatomical imaging and 
diffusion-weighted MRI (DW-MRI) for detecting LNM in 
newly diagnosed, intermediate- and high-risk PCa patients 
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undergoing lymph node dissection prior to curative intent 
radiotherapy.

Methods

Study design

This diagnostic test accuracy study was conducted in com-
pliance with the Standards for Reporting of Diagnostic 
Accuracy Studies (STARD) [11]. The study followed the 
rules of Good Clinical Practice (GCP) and was monitored by 
the GCP Unit at Aarhus and Aalborg University Hospitals.

Patients

Consecutive eligible patients with newly diagnosed EAU 
intermediate-risk (limited to those with predominantly 
Gleason pattern 4) or high-risk PCa [1] were prospectively 
enrolled at one site (Aalborg University Hospital) from 
May 2015 to October 2016. All patients were referred for 
extended lymph node dissection (eLND) prior to definitive 
(curative) radiotherapy as part of clinical practice. Aalborg 
University Hospital serves a population of 600 000 people. 
Patients had to be at least 18 years of age and provide oral 
and written informed consent. The exclusion criteria were: 
(1) bone metastasis on bone scintigraphy (thus ineligible 
for curative therapy); (2) prior cancer within 5 years except 
for curatively treated non-melanoma skin cancer (the accu-
racy methodology for the diagnostic test was planned for 
PCa detection only); (3) known allergy to any of the con-
stituents of the PET tracer or any contrast media used; (4) 
weight > 180 kg (scanner limitation); or (5) any medical 
condition that may interfere with study procedures (e.g., 
claustrophobia for MRI, drug addiction or mental disorders).

Overview of imaging

All patients underwent a 68Ga-PSMA PET with low-dose 
CT and an MRI (default) or a PET with a diagnostic CT as 
previously described for patients with biochemical recur-
rence in another prospective trial with 68Ga-PSMA [12]. If 
a patient was ineligible to undergo MRI, a contrast-enhanced 
CT was performed with the PET scan.

68Ga‑PSMA PET/CT

The 68Ga-PSMA (PSMA-11, ABX GmbH, Radeberg, Ger-
many) was administered as an intravenous bolus injection 
of 2 MBq/kg of body weight. The PET/CT scan was per-
formed 60 min postinjection (mean time, 60 ± 9 min; range 
53–97 min) on a VCT discovery True 64 PET/CT (GE 
Healthcare, Chicago, Illinois, USA). The scan covered 

the neck to mid-thigh, encompassing 5–7 bed positions at 
4 min per bed position. For the unenhanced low-dose CT, 
the parameters were 120 keV and 10–150 mA. The slice 
thickness for both protocols was 0.625 mm.

MRI and DW‑MRI

MRI and DW-MRI were performed in accordance with the 
European Society of Urogenital Radiology (ESUR) MRI 
guidelines for bone and LNM in PCa [13]. In brief, T1- 
and T2-weighted and short tau inversion recovery (STIR) 
sequences were used for MRI of the spine and pelvis, 
whereas DW-MRI was performed using b values of 0 and 
600 s/mm2 using a 3-T MRI scanner (Ingenia 3.0T, Philips 
Healthcare, Best, The Netherlands). The DW-MRI images 
were reconstructed as whole-body three-dimensional max-
imum intensity projection (MIP) images. The details of 
MRI acquisition were recently published [12].

Image interpretation

Images from the 68Ga-PSMA PET/CT were indepen-
dently read by two experienced nuclear medicine physi-
cians (HDZ and AAO) categorized as highly experienced 
according to a recent classification [14]. DW-MRI images 
were read by two experienced radiologists (NDS and KDP) 
with notable experience with functional MRI in PCa. 
MRI/CT images were read by one experienced MRI radi-
ologist with more than 20 years of experience with MRI/
CT and who is section head of MRI (RVF). All readers 
were board-certified in their respective fields and most 
are deeply engaged in prostate cancer imaging in multi-
disciplinary groups or activities [7, 15].

No clinical information except the eligibility criteria 
was available for the readers. All suspected pathological 
lesions were classified as positive (definite or equivocal 
for metastasis). Patients without any positive lesions were 
considered without metastasis. No protocol-specific cri-
teria were used to define lesions as malignant on 68Ga-
PSMA PET/CT or DW-MRI, but the readers followed the 
generally accepted current reading criteria [16, 17]. The 
criteria for classifying LNM on MRI/CT required a short-
axis > 10 mm. After individual readings with 68Ga-PSMA 
PET/CT and DW-MRI, the findings from each reader were 
compared, and a consensus was reached. Positive lesions 
were anatomically classified as confined to (1) the pros-
tatic bed, (2) lymph nodes within the field of eLND, (3) 
lymph nodes outside the field of eLND, (4) bone metasta-
ses, and (5) visceral lesions. The field of view of DW-MRI 
was limited to the spine and pelvis.
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Extended lymph node dissection

Trained urological surgeons were responsible for eLND, 
which was performed using a laparoscopic, robotic 
approach. If the eLND was done by fellows in training, one 
board-certified surgeon assisted during surgery. The sur-
geons were blinded to the results of the preoperative imag-
ing. The eLND procedure was performed using a standard 
template of the intrapelvic area comprising the common iliac 
artery, external iliac, internal iliac, and obturator fossa area 
on the right and left sides (eight regions in total).

Histopathology

The lymph node specimens were received in separate con-
tainers from a median of seven regions (range 4–8). After 
fixation, the lymph nodes were dissected, bivalved if > 3 mm, 
and embedded separately, and the residual fibrofatty tissue 
was embedded altogether. The specimens were sliced with 
a microtome into 4- to 5 µm thick sections and stained with 
hematoxylin and eosin (HE). The diagnosis was based on the 
HE-stained slides or, if necessary, on immunohistochemis-
try (ICH) (PSA; Novocastra, clone 35H9, dilution 1:400, 
OptiView DAB, Ventana Medical Systems, Inc., Tucson, 
Arizona, USA) and/or protein analysis (DAKO, clone 10E3, 
dilution 1:300, OptiView DAB). The expression of PSMA 
in all primary tumors and metastases was examined by ICH 
(DAKO, clone 3E6, dilution 1:40, Optiview DAB). All IHC 
analysis was performed with Ventana Benchmark Ultra 
(Ventana Medical Systems, Inc.). The definition of a lymph 
node was ‘a nodular collection of lymphatic tissue including 
a sinus’. The size of the LNM was measured in mm by the 
longest axis. Lesions ≤ 2 mm were classified as micrometas-
tases. All assessments were performed by one experienced, 
board-certified prostate pathologist who is section head of 
genito-urinary cancers histopathology (AP).

Ethics and approvals

This clinical study was approved by the Danish Health and 
Medicine Authority, The Danish Data Protection Agency, 
and the Northern Denmark Region Committee in Health 
Research Ethics (N-20140079). The protocol was registered 
in the EudraCT database (#2014-004210-28). All patients 
received written and oral information and signed a written 
informed consent form before inclusion in the study.

Statistics

Means, medians, and frequencies were used as descriptive 
statistics. The sensitivity, specificity, accuracy, positive pre-
dictive value (PPV), and negative predictive value (NPV) 
were calculated for patient-based and region-based analyses 

and reported with 95% confidence intervals (95% CI). Due 
to insufficient recruitment (20 recruited patients among 70 
planned), analytical statistics were not used due to low sta-
tistical power.

Results

Patients

Twenty patients were enrolled in the trial (Table 1). All 
patients but one had EAU high-risk PCa. Seventeen patients 
underwent an MRI scan, while three patients underwent a 
PET scan with a diagnostic CT scan due to logistic/technical 
issues or medical device interference with MRI. The median 
time between 68Ga-PSMA PET/CT and MRI/CT to surgery 
was 10 days. PET scanning and anatomical cross-sectional 
imaging were performed within 5 days in 19 of 20 patients. 
No adverse events were observed with 68Ga-PSMA PET/CT 
as reported previously [18].

Pelvic imaging findings

All patients were positive at the prostate level on 68Ga-
PSMA PET/CT (18 positive and 2 equivocal). 68Ga-PSMA 
PET/CT showed pathological uptake in the eLND area in 
5/20 patients (25%) (3 positive and 2 equivocal) (Table 2). 
These five patients had nine PSMA-positive lesions (6 defin-
itive and 3 equivocal lesions) in seven regions. Anatomical 

Table 1   Patient demographics and characteristics

Values are reported as numbers or medians with total ranges
EAU European Association of Urology, LN lymph node, PSA pros-
tate-specific antigen

Number of patients 20
Age (years) 71 (58–76)
PSA level (ng/mL) 12.5 (2.8–66.0)
Gleason score 8 (7–9)
Clinical T-stage
 T1–T2 10
 T3–T4 10

EAU risk class
 Intermediate-risk 1
 High-risk 19

Histopathology
 Number of patients with lymph node metastasis 13 (65%)
 Total number of LNs removed 573
 LNs per patient 23 (12–62)
 Number of positive LNs 33 (5.8%)
 Number of anatomical regions 131
 Number of positive regions 26 (19.1%)
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imaging identified one LNM in one patient (5%) (Table 2). 
DW-MRI showed nine definitive LNMs located in seven 
regions in five (25%) patients (Table 2). An illustrative 
example is shown in Fig. 1.

Histopathology

Five hundred seventy-three lymph nodes were removed, of 
which 33 were LNMs found in 26 anatomical lymph node 
regions. Thirteen patients had LNM (13/20, 65%) (Table 1) 
proven by histopathology. Five patients presented with a 
single LNM, three patients had two LNMs, two patients 
had three LNMs, and three patients had 4–6 LNMs. On a 
patient basis, four patients presented with micrometastasis 
only, seven patients had LNM with the longest diameter 
between 2 and 10 mm, and only two patients had a larg-
est LNM > 10 mm. Among the 33 positive LNMs, 8 were 
micrometastases, 13 had a longest diameter of 2–5 mm, 8 
were 6–10 mm, 2 were 11–15 mm, 2 were 16–20 mm, and 
none was > 20 mm. All 33 LNMs were positive for PSMA 
immunostaining. All patients had positive PSMA immu-
nostaining of the primary tumor.

Patient‑based diagnostic performance

The sensitivity of 68Ga-PSMA PET/CT was 39% while 
that for anatomical imaging was 8%. Please refer to Table 2 
for 95% CI for diagnostic accuracy performance data. The 
specificity of both modalities was 100%, yielding an accu-
racy of 60% for 68GA-PSMA PET/CT (50% with equivocal 
68Ga-PSMA PET/CT scans regarded as negative) versus 
40% for MRI/CT. The PPV was 100% with both modalities, 

and the NPV ranged from 37 to 47%. DW-MRI showed a 
sensitivity, an accuracy, and an NPV very similar to those of 
68Ga-PSMA PET/CT, whereas the specificity and PPV were 
nominally lower than those of 68Ga-PSMA PET/CT. There 
were no false-positive 68Ga-PSMA PET/CT or MRI scans 
but one false-positive DW-MRI scan.

68Ga-PSMA PET/CT was negative in all four patients 
(0%, 0/4) in whom the largest LNM was a micrometastasis 
but identified 3/7 (43%) patients with the largest LNM in 
the range of 2–10 mm on pathology and 2/2 (100%) patients 
with lymph nodes > 10 mm; the corresponding figures were 
0/4 (0%), 1/7 (14%), and 0/2 (0%), respectively, with MRI/
CT and 0/4 (0%), 3/7 (43%), and 1/2 (50%), respectively, 
with DW-MRI. Subgroup analysis was not planned or per-
formed; diagnostic performance on an individual level is 
shown in Table 3.

Region‑based diagnostic analyses

Each of the 20 patients had removal of 4–8 lymph node 
regions, corresponding to 131 lymph node regions. The 
region-based analysis, irrespective of imaging modality, 
showed inadequate diagnostic performance with sensitivities 
below 20% and PPVs only slightly above 50% (0% for MRI/
CT) (Table 2). On the other hand, the NPVs were above 80% 
for all modalities. There were false positive lesions identified 
with all modalities at a regional level. The three true positive 
LNMs on 68Ga-PSMA PET/CT were 9–11 mm in diameter, 
whereas the 30 false-negative LNMs on 68Ga-PSMA PET/
CT had a median diameter of 4 mm, with only 3 of 30 LNMs 
being larger than 10 mm.

Fig. 1   Example of a patient 
with lymph node metastases on 
the right side of the pelvis on 
histopathology. One nonen-
larged lymph node metastasis 
can be observed posterior 
to the iliac vessel on a CT 
(arrow). 68Ga-PSMA PET/CT 
fused images b show mark-
edly increased uptake in the 
lymph node (full arrow) and 
high uptake in the right ureter 
(hatched arrow). On DW-MRI, 
a high-intensity lesion (arrow) 
can be seen on the native DW 
(b600) image c correspond-
ing to the nonenlarged lymph 
node seen in d the T2-weighted 
image (arrow)
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Imaging findings outside the area of eLND

Pathological PSMA uptake was observed in areas outside the 
eLND in two patients. Both patients also had PSMA-avid, 
pathology-verified LNMs in the eLND area. One patient had 
two positive lymph nodes localized in the left periclavicular 
region and in the mediastinum, and another patient had a 
lymph node at the level of the 5th lumbar vertebra. Both 
patients received hormonal therapy (bicalutamide) with 
significant and sustained prostate-specific antigen (PSA) 
responses until the last day of follow-up (July 2018). No 
follow-up imaging was performed. Neither MRI, CT nor 
DW-MRI detected any pathological lymph nodes outside the 
eLND area (the field of view was restricted to the pelvis and 
spine with DW-MRI). Suspected bone lesions were observed 
in one patient with 68Ga-PSMA PET/CT and MRI and in six 
patients with DW-MRI. The bone data have recently been 
published separately [12]. No patients had any soft tissue 
metastasis identified on imaging.

Discussion

Investigation of any extraprostatic disease is key in the 
identification of patients eligible for curative or palliative 
treatment for PCa. This prospective, STARD-compliant trial 
comparing the diagnostic accuracy of 68Ga-PSMA PET/CT 
versus guideline-recommended MRI/CT for primary lymph 
node staging showed a notable difference in sensitivity in 
favor of PET/CT over cross-sectional anatomical imaging. 
Although the sensitivity of PET/CT is equivalent to that of 
DW-MRI, its specificity is superior; furthermore, in com-
bination with existing evidence of 68Ga-PSMA PET/CT, 
this finding indicates that it may be reasonable to rethink 
the recommendations for lymph node staging to favor 68Ga-
PSMA PET/CT.

Cross-sectional anatomical imaging is generally recom-
mended by urological organizations [1–3]. These recom-
mendations are adhered to despite the documented poor 
diagnostic performance of cross-sectional anatomical imag-
ing, with a weighted sensitivity less than 40% [4]. MRI and 
CT have very similar diagnostic performance for lymph node 
staging [4]. Thus, due to the low diagnostic performance 
of CT/MRI, laparoscopic eLND has been recommended in 
some countries prior to curative intent radiotherapy [19]. 
68Ga-PSMA PET/CT has recently been introduced for the 
detection of PCa. The status of this PET tracer for lymph 
node staging, with pathology as a reference, in intermedi-
ate- and high-risk PCa has been covered in comprehensive 
reviews [8, 20]. The proportion of patients with LNM was 
65% (13/20 patients); prior trials have reported values in 
the range of < 30–60% [8, 10], with several trials showing 
values above 50% [21–23]. In general, the sensitivity of 

68Ga-PSMA PET/CT on a patient level was above 60% in 
most trials [8, 9]. Our data with a sensitivity of 39% were 
comparable to reports showing sensitivities of 33–38% [21, 
24]. We reported a high proportion of patients with micro-
metastases and very small LNM, which negatively influ-
enced sensitivity due to intrinsic resolution of the imaging 
methods. Many prior trials with primary staging have sparse 
data on the histopathological assessment and did not report 
LMN sizes. Some trials with 68Ga-PSMA PET/CT had 
comparative data with MRI/CT; all these trials have shown 
superiority of PSMA imaging over anatomical imaging 
[22, 25, 26], as also shown in our study. Although our study 
showed that 68Ga-PSMA PET/CT had modest sensitivity, 
it was notably better than the sensitivity of MRI/CT of 8%, 
which was a value similar to the MRI/CT data obtained at 
our institution nearly two decades ago [19]. We found that 
68Ga-PSMA PET/CT had an excellent specificity (similar 
to those of MRI/CT), which was comparable to previously 
reported values. The sensitivity with PET and MRI/CT was 
somewhat lower than those previously reported with 68Ga-
PSMA PET/CT [8, 9] and CT/MR [4].

DW-MRI was applied in our study as a secondary end-
point. The diagnostic performance of DW-MRI was com-
parable to that of 68Ga-PSMA PET/CT except for the false 
positive findings, which decreased the specificity to approxi-
mately 80%. The sensitivity of DW-MRI of approximately 
40% at the patient level was comparable to that in previous 
reports [27]. Our comparative findings of PET versus DW-
MRI are in line with previous data. Zhang et al. compared 
68Ga-PSMA PET/CT with multiparametric MRI, including 
DW-MRI and dynamic contrast-enhanced MRI, and found 
very comparable results of the two imaging modalities [23]. 
Very recently, Park et al. reported data for 68Ga-PSMA PET/
CT compared with multiparametric MRI, but they reported 
PET data only for lymph nodes [28].

It remains speculative why there are major differences 
in the diagnostic performance of these imaging modalities 
across studies. Possible explanations are scanner-related 
issues, criteria for the definition of malignancy, histopatho-
logic examination criteria and others. Our PET scanners 
were quite old. It cannot be ruled out that the intrinsic sen-
sitivity would improve with better scanners. The criteria of 
classification of malignancy with functional methods (PET 
and DW-MRI) followed current reporting guidelines [16, 
17]. A strict size criterion (> 10 mm) was used for MRI/
CT. There were notable differences in the anatomical and 
functional criteria for lymph nodes to be declared malignant 
in prior trials, so we used a conservative approach [4, 29]. 
A similar size-only approach was used in other 68Ga-PSMA 
PET/CT staging trials [22, 23].

The current practice is to identify potential metastatic 
deposits due to anatomically enlarged lymph nodes. How-
ever, our histopathology data showed, in general, very small 
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LNMs, including several patients with micrometastases and 
only two patients with LNMs with a diameter > 10 mm. 
Approximately 88% of the 33 LNMs were less than 10 mm 
in longest diameter. These data are in line with previous 
findings from trials with modern imaging modalities [29]. 
There were three true-positive LNMs identified on 68Ga-
PSMA PET/CT, with sizes of 9–11 mm, whereas the false-
negative LNMs identified on 68Ga-PSMA PET/CT had 
a median diameter of 4 mm. The vast majority of LNMs 
were < 10 mm in diameter. The mean size of histopathology-
verified LNMs missed by 68Ga-PSMA PET/CT have been 
reported to be approximately 4–5 mm [21]. Similarly, van 
Leeuwen et al. reported the sensitivity of 68Ga-PSMA PET/
CT to be 0% among LNMs ranging from 0 to 2 mm, 60% for 
LNM ranging from 2 to 5 mm in longest diameter, and 86% 
among LNMs larger than 5 mm [30]. Sixty-four percent of 
our LNM were < 6 mm in longest diameter. The small LNM 
sizes tested these diagnostic imaging modalities, particularly 
anatomical imaging, with size-based criteria for malignancy.

We are not aware of any prior studies that have assessed 
PSMA immunostaining of LNMs. It has been debated 
whether a minor proportion of patients have 68Ga-PSMA 
PET/CT-negative primary tumors, which may hamper 68Ga-
PSMA PET/CT as a general imaging tool for PCa patients 
[25]. All 20 patients in this study had 68Ga-PSMA-avid (18 
definitive, 2 equivocal) primary tumors on PET/CT, and all 
primary tumors were confirmed to be PSMA-positive by 
IHC. Additionally, all 33 LNMs were positive on PSMA 
immunostaining. To the best of our knowledge, we are the 
first to report PSMA IHC data for LNM.

This study examined diagnostic performance of 68Ga-
PSMA for primary staging. The predominant application 
has been in secondary staging in patients with biochemical 
recurrence after curative prostatectomy or radiotherapy. Data 
have been shown in large retrospective studies, including 
studies with more than 1000 patients [6], large prospective 
trials with valid reference test [7], and recent systematic 
reviews and meta-analysis [8, 9]. The findings from primary 
staging cannot be compared to secondary settings due to 
various factors, including PSA levels at the time of examina-
tion and concomitant medication like androgen deprivation 
therapy [6].

This study was planned to include 70 patients, but we 
were only able to recruit 20 eligible patients; this was partly 
due long time to study start (GCP work) and due to competi-
tion from a Scandinavian radiotherapy protocol not allowing 
eLND prior to radiotherapy. This study has advantages and 
limitations which should be emphasized. The study was pro-
spective in design, full STARD and GCP compliant; images 
and histology were read by experienced experts, and the 
reference was histopathology across all patients. The limita-
tions were inadequate sample size due to recruitment issues, 
some variations in the surgeons performing the eLND (but 

reflecting clinical practice), and older PET/CT scanners 
without technical refinements like time-of-flight acquisition.

In conclusion, this prospective trial showed similar diag-
nostic performance of 68Ga-PSMA PET/CT compared to 
DW-MRI and notably better sensitivity than anatomical 
imaging. Combined data in the public space suggest 68Ga 
PSMA PET/CT to be the standard of care for the staging of 
high-risk PCa patients.
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