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Abstract
Purpose  Whole-body positron emission tomography/magnetic resonance imaging (wbPET/MRI) is a promising diagnostic 
tool of recurrent prostate cancer (PC), but its role in primary staging of high-risk PC (hrPC) is not well defined. Thus, the 
aim was to compare the diagnostic accuracy for T-staging of PET-blinded reading (PBR) and PET/MRI.
Methods  In this prospective study, hrPC patients scheduled to radical prostatectomy (RPx) with extended lymphadenectomy 
(eLND) were staged with wbPET/MRI and either 68Ga-PSMA-11 or 11C-choline including simultaneous multiparametric 
MRI (mpMRI). Images were assessed in two sessions, first as PBR (mpMRI and wbMRI) and second as wbPET/MRI. Pros-
tate Imaging Reporting and Data System criteria (PIRADS v2) were used for T-staging. Results were correlated with the 
exact anatomical localization and extension as defined by histopathology. Diagnostic accuracy of cTNM stage according to 
PBR was compared to pathological pTNM stage as reference standard.
Results  Thirty-four patients underwent wbPET/MRI of 68Ga-PSMA-11 (n = 17) or 11C-choline (n = 17). Twenty-four patients 
meeting the inclusion criteria of localized disease ± nodal disease based on imaging results underwent RPx and eLND, 
whereas ten patients were excluded from analysis due to metastatic disease. T-stage was best defined by mpMRI with underes-
timation of tumor lesion size by PET for both tracers. N-stage yielded a per patient sensitivity/specificity comparable to PBR.
Conclusion  MpMRI is the primary modality for T-staging in hrPC as PET underestimated T-stage in direct comparison to 
final pathology. In this selected study, cohort MRI shows no inferiority compared to wbPET/MRI considering N-staging.

Keywords  Prostate cancer · PET · PSMA · MRI · Choline

Introduction

Prostate cancer (PC) represents the most common non-cuta-
neous cancer in men in North America and Europe and is a 
leading cause of cancer-related death worldwide [1]. More 
than 15% of men with PC are confronted with high-risk 
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PC (hrPC), which is defined by a prostate-specific antigen 
(PSA) concentration > 20 ng/mL, a Gleason score ≥ 8, or a 
American Joint Commission on Cancer (AJCC) tumour (T) 
category ≥ 2c [2, 3]. HrPC harbours a higher risk for locally 
advanced disease, extracapsular extension (ECE), seminal 
vesicle extension (SVI), lymph-node metastases (LNM), and 
bone metastases [4]; therefore, an additional whole-body 
staging prior to therapy initiation should be performed [5]. 
Recent reports suggest that PC with minimal lymph-node 
(LN) involvement, called oligo nodal disease (OND), can 
be cured by extended lymph-node dissection (eLND) when 
RP is performed as initial therapy [6–8].

Irrespective of the treatment decision (surgical versus 
radiation-based), developments in treatment require a reli-
able and accurate staging modality for patient selection. Cur-
rent guidelines recommend the use of PET/CT, and MRI 
for evaluation of LNM in patients with high-risk disease 
[9]. Local staging with multiparametric MRI (mpMRI) 
has become widely available and is used to assess the local 
extent of prostate tumors. The traditional imaging criteria 
for the differentiation between benign lymph nodes (LN) 
from LNM based on nodal size and irregular shape show low 
sensitivity for smaller LNMs [10]. To overcome these limita-
tions, hybrid imaging has been introduced for PC imaging 
[11, 12]. First retrospective studies were performed compar-
ing radiolabelled choline derivatives and a prostate-specific-
membrane-antigen (PSMA) targeting tracer [13], and could 
reveal a significant increase in the detection rate of LNM 
by 68Ga-PSMA-PET/CT. Therefore, in several countries, 
PSMA-specific tracers displaced radiolabelled choline in 
PET imaging of PC. Nevertheless, most reports on PSMA-
PET/CT and PSMA-PET/MRI are retrospective studies or 
investigating a small sample sizes and patient cohorts with 
heterogeneous characteristics [14, 15]. Due to limited spatial 
resolution of PET and the lack of anatomic detail within the 
prostate, neither PSMA-based nor choline-based-PET/CT 
has outperformed MRI, which still remains the gold standard 
for local staging of prostate cancer [12]. The advantages of 
combining PET and MRI imaging have been elucidated in 
several publications in the last years. The main limitation of 
currently available PET/MRI data is the lack of histopatho-
logical confirmation, especially concerning the LN status, 
while the majority of the published data focus on recurrent 
prostate cancer, which is currently the main indication for 
the use of PSMA-based PET imaging [16].

Whether local staging needs the additional functional 
information of PET imaging, or if this functional informa-
tion is only needed for extraprostatic disease is of debate 
[17]. Thus, the aim of this prospective study was to evalu-
ate the diagnostic performance of combined PET/MRI 
using 68Ga-PSMA-11 or 11C-choline for local (T-stage) and 
lymph-node staging (N-stage) of patients with hrPC, vali-
dated by histopathology.

Materials and methods

This prospective study was performed in agreement with 
the Declaration of Helsinki and with approval from the local 
institutional review board (241/2012MPG23). All patients 
were included in an interdisciplinary institutional tumor 
board. All patients gave written informed consent for the 
participation in this study. Inclusion criteria included: newly 
diagnosed hrPC confirmed by histopathology and scheduled 
for RP. Exclusion criteria were: suspicion of bone metasta-
sis due to bone pain or marked increase of alkaline phos-
phatase (ALP), acute inflammation, contraindications for 
MRI, known claustrophobia, or renal function impairment. 
The inclusion criteria are summarized in Supplementary 
Table 1. Imaging was performed not earlier than 8 weeks 
after prostate biopsy to avoid relevant signal alterations due 
to biopsy. In case of OND (N1) and ≤ 5 nodal metastases 
without bone metastasis, patients were treated with cura-
tive intent. The extended LND (eLND) included a standard-
ized template of fossa obturatoria and arteria iliaca externa, 
interna, and communis.

PET/MRI including multiparametric MRI

Imaging was performed using an integrated whole-body 
PET/MRI system (Siemens Biograph mMR, Siemens 
Healthineers, Erlangen, Germany). PET acquisition was 
initiated 60 min after injection of 620 ± 30 MBq 11C-cho-
line/60 min after injection of 190 ± 40 MBq 68Ga-PSMA-11 
respectively. Synthesis of both tracers is described elsewhere 
[15]. All patients were asked to void urine directly before the 
start of the examination, Erlangen, Germany. The PET/MR 
protocol included a whole-body scan with 4 min PET acqui-
sition per bed position together with a T2w-haste sequence 
in axial and coronal orientation, a coronal STIR sequence, 
diffusion-weighted imaging, and an attenuation correction 
scan. This WB scan was followed by a dedicated PI-RADS 
v2 compliant local mpMRI protocol of the pelvis including a 
T2w TSE sequence in three orientations, diffusion-weighted 
imaging and dynamic contrast enhanced imaging, accompa-
nied by simultaneous PET acquisition of the pelvic regions. 
For the pelvic scan, the PET imaging was repeated over the 
pelvic region to ensure optimal alignment.

Image analysis

Four experienced readers, two nuclear medicine physi-
cians and two radiologists, aware of the PC diagnosis but 
not of other clinical and histopathological findings, staged 
the tumor extension in the prostatic gland based on the 
PI-RADS v2.0 scheme in consensus. The size of detected 
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lesions was measured on axial T2w images. Each lesion was 
localized into the sector map diagram proposed by PI-RADS 
v2 [18]. In the next step, the same readers visually evaluated 
the wbMRI in a PET-blinded reading procedure. In the last 
step, the additional value of PET in PET/MRI was evaluated. 
Every focal radiotracer uptake, which was not consistent to 
the physiological distribution of the individual tracer, was 
considered suspicious for malignancy and defined as PET 
positive. Focal uptake in the prostate beyond that of adja-
cent background was considered to be malignant. Standard-
ized uptake values (SUVmean) of the primary tumor were 
quantified using a 50% volume-of-interest (VOI) isocon-
tour in PET/MRI. Lymph-node metastases were considered 
pathological on morphological imaging (MRI) when the 
short-axis diameter exceeded 1 cm. In PET, lymph nodes 
were considered metastatic if a clearly increased focal tracer 
uptake was observed visually together with a morphologic 
correlate in MRI. The readers determined TNM staging 
based on PET-blinded MRI reading, as well as based on 
PET/MRI. Histopathology was consulted after the reading. 
In patient-based analysis, the detection rate was defined as 
the ability to detect at least one pathological finding in each 
individual subject.

Histopathology analysis and staging

All RP specimens were processed as whole-mount section 
pathology with a slice thickness of 3 mm with angulation 
based on PET/MRI acquisition. The presence and location 
of cancer foci, high-grade prostatic intraepithelial neopla-
sia, prostatitis, BPH, capsular status, and seminal vesicle 
invasion were determined. For each tumor focus, GS was 
assigned as a combination of primary, secondary, and ter-
tiary (when applicable) Gleason grade. LNs with a diameter 
of > 5 mm were sliced longitudinally in three parts along the 
greatest dimension. All prostates and dissected lymph nodes 
were reviewed by one experienced uropathologist. Staging 
was done according to the 2009 TNM classification for stag-
ing of prostate cancer based on cT, GS, and PSA [19].

Statistical analysis

Descriptive statistics were used to characterise the patient 
population. Continuous variables are presented as median 
and interquartile range (IQR) and differences between 
groups were assessed by the Kruskal–Wallis test. Categori-
cal variables were tested with the Chi-square test or Fisher’s 
exact test. Multiple method comparison was tested with the 
extended Bland–Altman plot with comparison of the single 
methods against the reference method. All statistical analy-
ses were completed using SPSS, version 22. For all statisti-
cal comparisons, significance was considered as p < 0.05.

Results

From January 2013 to June 2016, 34 patients with histo-
pathological confirmed, non-treated hrPC were included 
prospectively (see Fig. 1). All patients underwent wbPET/
MRI including mpMRI with either 68Ga-PSMA-11 (n = 17) 
and 11C-choline (n = 17). Median age was 67.0 years [IQR 
(interquartile range) 46.0–72.0 years]; median PSA was 
16.3 ng/mL (IQR 8.3–46.0). 24/34 patients underwent radi-
cal prostatectomy within a median of 7 days (range 1–12) 
after the PET/MRI study with extended lymph-node dis-
section (eLND). Surgery was also performed as part of a 
multimodal treatment, even when OND was detected by 
imaging. The local tumor board reassessed the initial thera-
peutic approach to evaluate its impact on the therapeutic 
management. 10/34 patients underwent a non-surgical treat-
ment due to extended, non-regional lymph-node involvement 
(defined as PET positive and morphological suspect; n = 6; 
four out of these in choline and two in PSMA-PET) and/or 
bone metastasis (n = 5; four out of these in choline and one 
in PSMA-PET) detected in PET/MRI. All patients undergo-
ing RP showed a GS ≥ 4 + 4 and a significant tumor volume 
of > 2.5 mL. Table 1 lists the baseline and the pathologi-
cal characteristics of patients in all patients who underwent 
surgery.

T‑staging

In all 24 patients treated with RP and eLND, PET/MRI 
examinations were evaluated in consensus by the four 
blinded experienced readers based on mpMRI, whole-body 
MRI, and PET imaging. No changes related to prior biopsy 
(e.g., hyperintense signal in non-contrast enhanced T1w 
sequences) were present. The PC index lesions, defined as 
the dominant intraprostatic lesion, could be detected in all 
cases by mpMRI as well as by PET. In comparison to the 
pathohistological gold standard, both modalities found the 
main tumor mass in the location of the whole-mount section. 

Fig. 1   Flowchart: 34 patients with histopathological confirmed, non-
treated high-risk PC were included prospectively
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When compared to the gold standard (histopathological 
tumor delineation), mpMRI was found to be more accurate 
(agreement on size in all cases) than PET imaging (agree-
ment in 15/24 cases), as shown in Table 1. We found no sig-
nificant differences between 11C-choline and 68Ga-PSMA-11 
for local tumor detection. Both PET with 11C-choline, as 
well as with 68Ga-PSMA-11, underestimated the local tumor 
extent in comparison to mpMRI as well as histopathol-
ogy (see Figs. 2, 3). Seminal vesicle invasion (pT3b) was 
detected in 6/24 patients (25%). MpMRI detected seminal 
vesicle invasion correctly in all cases, whereas PET did not 
show an increased focal uptake at this localization (T3b sta-
tus was missed in six cases; three cases undergoing PSMA/Ta
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Fig. 2   66-year-old patient with a histologically proven high-risk PC 
in the left peripheral zone (Gleason 9) and a PSA level of 12.4 ng/
mL. Fused PET/MRI (68Ga-PSMA-11) transversal image (a) showed 
the underestimation of the local tumor extent by PET. T2-weighted 
transversal image (b) shows a lesion index lesion with strong hypo-
intensity signal intensity (arrow **) and an additional tumor focus 
(arrow *) with no uptake in PSMA-PET. Whole-mount histology 
shows the tumor extent which correlates with extent in T2-weighted 
transversal image

Fig. 3   70-year-old patient with a histologically proven high-risk PC 
in the right peripheral zone (Gleason 9) and a PSA level of 13.2 ng/
mL. The whole-mount histology (a) shows the tumor extent which 
correlates good with extent in fused PET/MRI (11C-choline) transver-
sal image (b). Unspecific uptake in the transitional zone (b, arrow *)
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choline). Method comparison against the gold standard his-
tology for T-staging resulted in a mean size difference for 
MRI of 0.2 ± 1.4% with a slight overestimation and for PET 
of − 12.1 ± 17.2% with an underestimation of size.

Lymph‑node staging

662 LNs were resected with 9 harboring metastases (1%) in 
5 of 24 patients (21%). A median of 25 (range 20–51) lymph 
nodes was removed during eLND. Of these five patients, two 
patients had undergone PET with 68Ga-PSMA-11 and three 
patients had undergone PET with 11C-choline. The PET/
MRI scans identified 2/5 patients (one in PSMA-PET; one 
in choline PET) as LN positive (true positive). Both patients 
identified as nodal positive showed suspicious LN in MRI, 
whereas patients with PET-negative LN also showed no 
pathological enlargement or architectural signs of metastasis 
(see Fig. 4). The calculated per patient sensitivity, specific-
ity, positive predictive value, negative predictive value, and 
accuracy were 50/100/100/90.9/90.9% for nodal staging by 
68Ga-PSMA-11-PET/MR. The calculated per patient sensi-
tivity, specificity, positive predictive value, negative predic-
tive value, and accuracy were 33.3/100/100/81.8/83.3% for 
nodal staging by 11C-choline PET/MR.

Additional results can be found in the Supplementary 
Material.

Discussion

Currently, the optimal strategy for primary staging in 
patients with high-risk PC, including local tumor exten-
sion as well as lymph-node staging, is still under debate. 
Some years ago, choline tracers were the most used and 
studied tracers in prostate cancer. However, the sensitiv-
ity of choline PET/CT in the detection of lymph-node 
metastases in primary staging was reported to be relatively 
low, even in patients with high PSA values and high-risk 
Gleason scores [17]. The introduction of a 68Ga-labeled 
PSMA-specific radiopharmaceutical promises a significant 
improvement in prostate cancer staging, but prospective 
studies evaluating the role for primary staging of hrPC are 
still lacking.

In the current prospective study, we reported the first 
histopathological confirmed matched pairs study in high-
risk prostate cancer, comparing wbPET/MRI with inte-
grated mpMRI with 11C-choline or 68Ga-PSMA-11 in 
terms of primary PC detection and assessment of tumor 
extent as well as lymph-node detection.

Our study yields several important findings. In par-
ticular, we observed similar overall PC detection between 
mpMRI and PET/MRI with 11C-choline or 68Ga-PSMA-11, 
while mpMRI showed a better precision concerning the 

Fig. 4:   68-year-old patient with 
a histologically proven high-risk 
PC in the right peripheral zone 
(Gleason 9) and a PSA level 
of 14.5 ng/mL. Fused PET/
MRI (11C-choline) transversal 
image as well as conventional 
MR images showed local 
lymph-node metastasis (a, b; 
arrow) and bone metastasis (c, 
d; arrow)
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assessment of local tumor extend. We found no significant 
differences between 11C-choline and 68Ga-PSMA-11 for 
local tumor detection. In comparison to the pathohisto-
logical gold standard, mpMRI showed 100% agreement 
for primary tumor extent, whereas PET with 11C-choline 
as well as with 68Ga-PSMA-11 both underestimated the 
local tumor extent. Using PET for seminal vesicle invasion 
is not feasible, whereas mpMRI detected seminal vesicle 
invasion in all cases. PET using 11C-choline for diagnosis 
of primary prostate cancer have been examined in numer-
ous trials with conflicting results, especially with respect 
to the sensitivity reported for the detection of primary 
prostate cancer showing a large variation between 60 and 
100% studies. The first published study on 68Ga-PSMA-
11-PET/MRI for local extension of primary PC by Eiber 
et al. described a good correlation between findings from 
mpMRI and PSMA-PET, for localization of PC in patients 
selected for RP [20]. We also found correlations between 
findings from mpMRI and PET, but we did not find an 
additional value of PET for local staging. In line with our 
results, Giesel et al. presented a retrospective study with 
ten patients with primary PC, who underwent mpMRI and 
PSMA-PET/CT for initial staging. They concluded that 
PSMA-PET/CT and mpMRI correlated well with regard to 
tumor localization in these patients [14]. A major limita-
tion of this retrospective analysis was that patients under-
went radiotherapy, so that no histopathology comparison 
was available [14]. Rahbar et al. performed 68Ga-PSMA-
PET/CT in 6 patients with high-risk prostate cancer before 
radical prostatectomy and concluded that the intraprostatic 
localization and extent of prostate cancer may be estimated 
by 68Ga-PSMA-11-PET, but they did not compare local 
staging with mpMRI as gold standard [21]. Fendler et al. 
evaluated the local staging of PC with 68Ga-PSMA-11-
PET/CT and concluded that 68Ga-PSMA-11-PET/CT was 
able to accurately detect the location and extent of pri-
mary prostate cancer as well as seminal vesicle invasion 
with an 86% accuracy, and extracapsular extension with a 
71% accuracy, respectively [22]. We observed a relevant 
difference concerning the extraprostatic extension with 
seminal vesicle invasion, which was missed in all patients 
by PET but correctly classified by mpMRI. The combina-
tion of mpMRI and PET should also be restricted to inter-
mediate to high-risk PC, based on the previous study by 
Afshar-Oromieh et al., who described that prostate cancer 
patients with a Gleason score > 7 or PSA levels ≥ 10 ng/
mL showed a significantly higher uptake of 68Ga-PSMA-
11-PET than prostate cancer patients with lower Gleason 
scores [23]. In our series, 11C-choline was not inferior 
compared to 68Ga-PSMA-11-PET. One of the possible 
reasons for the non-inferiority could be that choline PET 
detects hrPC more readily as shown by Piert et al. [24]. 
In a study by Park et al., who compared 11C-choline PET 

with whole-mount histology, a good delineation of local 
disease was also found [25]. It is well known that CT and 
MRI, with a pooled sensitivity of 42% and 39%, and a 
pooled specificity of 82% for both modalities, appear to 
be insufficient to reliably detect lymph-node metastases 
[10]. The sensitivity of 68Ga-PSMA-11-PET as well as 
11C-choline PET for lymph-node involvement in various 
studies varied between 33.3 and 94% [26]. Concerning 
the diagnostic performance for identification of LNM in 
our study, PET/MRI scans identified 2 of 5 patients with 
OND, who underwent RP (1 in 68Ga-PSMA-11-PET; 1 
in 11C-choline PET) as LN positive (true positive) with 
overall 662 resected LNs of which 9 harbored metastases 
(1%) in 5 of 24 patients (21%).

In studies about the assessment of LNM in biochemi-
cal recurrence of PC, PSMA-PET shows promising results. 
Rauscher et al. reported on 68Ga-PSMA-11-PET-positive 
LNM in 53/68 (77.9%), which were pathologically con-
firmed as metastatic lymph nodes, while morphological 
imaging with CT was positive in only 18/67 cases (26.9%) 
[27]. Concerning sensitivity and specificity of 68Ga-PSMA-
11-PET imaging for lymph-node staging in primary PC, only 
a few articles reported histopathologic correlation [21, 26, 
28]. Budaus et al. reported a histological confirmed analy-
sis of patients with high-risk PC and concluded that LNM 
detection rates were substantially influenced by lymph-
node metastasis size [26]. In line with our results, they also 
described an overall sensitivity of 68Ga-PSMA-11-PET/CT 
for LNM detection of 33.3%, and a specificity of 100%. In 
contrast to our results as well as in contrast to Budaus et al., 
Herlemann et al. performed 68Ga-PSMA-11-PET/CT prior 
to lymph-node dissection, and described an overall sensi-
tivity and specificity of 68Ga-PSMA-11-PET/CT for LNM 
detection of 84% and 82% [29], but lymphadenectomy was 
not restricted to OND. Van Leeuwen et al. also reported in 
a prospective study with 30 patients with intermediate- or 
high-risk PC undergoing preoperative 68Ga-PSMA-11-PET/
CT, that 68Ga-PSMA-11-PET/CT had a high specificity, 
but a moderate sensitivity of 64% for LNM detection [30]. 
Among the largest cohort with primary staging including 
130 patients with high-risk prostate cancer before radical 
prostatectomy, Maurer et al. described a similar sensitivity 
of 66%, while specificity was as high as 99% [28]. The value 
of 11C-choline PET for lymph-node staging was described 
as limited [31] which also holds true for detection of every 
single LNM with 68Ga-PSMA-11-PET.

In summary, the published data as well as our study 
revealed that hybrid imaging with 68Ga-PSMA-11 is limited 
in detecting all small LNMs prior to RP when using histol-
ogy as the reference standard.

The present study is not devoid of limitations. First, no 
randomization was performed. The cohort was small due to 
strict inclusion criteria and one-third of high-risk patients 
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did not undergo a surgical treatment due to metastatic dis-
ease. However, to date, most studies that reported about 
mpMRI and hybrid imaging correlation or co-registration 
had limited patient sample sizes [32, 33]. Finally, we did 
not consider costs of procedures. Regarding our results and 
the current literature, the combination of PET-CT for N- and 
M-staging with an additional mpMRI for T-staging appears 
more cost-effective and is more widely available. Therefore, 
this combination might be suitable in most cases. Combined 
PET/MRI, however, allows for direct imaging fusion which 
might be beneficial in specific cases.

Conclusions

In this prospective comparative study, we provide evidence 
for high diagnostic accuracy of mpMRI for the detection of 
primary PC localization and tumor extent. We observed no 
additional value for PET imaging concerning the primary 
tumor extend. We found no relevant differences between 
68Ga-PSMA-11 and 11C-choline with respect to whole-body 
staging in the high-risk cohort. Importantly, wbPET/MRI is 
limited in detecting small LNMs prior to RP, independent of 
the tracer used. Despite the promising advances in PSMA-
based imaging in the setting of biochemical recurrence, there 
is a need for further prospective, multi-center studies before 
integrating PET imaging into primary staging. Nonetheless, 
PSMA-PET can still be considered one of the most prom-
ising approaches for PC imaging based on its unique and 
stable expression in PC cells.
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