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Abstract

Background: Computed tomography (CT) and bone scintigraphy (BS) are the
imaging modalities currently used for distant metastasis staging of prostate cancer
(PCa).
Objective: To compare standard staging modalities with newer and potentially
more accurate imaging modalities.
Design, setting, and participants: This prospective, single-centre trial
(NCT03537391) enrolled 80 patients with newly diagnosed high-risk PCa (Inter-
national Society of Urological Pathology grade group �3 and/or prostate-specific
antigen [PSA] �20 and/or cT � T3; March 2018–June 2019) to undergo primary
metastasis staging with two standard and three advanced imaging modalities.
Outcome measurements and statistical analysis: The participants underwent the
ing
Conventional imaging following five imag
* Corresponding author. D
Kiinamyllynkatu 4-8, 20521
E-mail addresses: mhjant@

https://doi.org/10.1016/j.euo.2020.06.012
2588-9311/© 2020 The Author(s). Published by Elsevier B.V. on behalf of Eur
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc
 examinations within 2 wk of enrolment and without a
epartment of Urology, Turku University Hospital, University of Turku,
 Turku, Finland. Tel.: +358-2-3133650; Fax: +358-2-3132284.
utu.fi, mikael.anttinen@tyks.fi (M. Anttinen).

opean Association of Urology. This is an open access article
-nd/4.0/).

https://doi.org/10.1016/j.euo.2020.06.012
mailto:mhjant@utu.fi
mailto:mikael.anttinen@tyks.fi
https://doi.org/10.1016/j.euo.2020.06.012
http://creativecommons.org/licenses/by-nc-nd/4.0/


prespecified sequence: BS, CT, 99mTc-hydroxymethylene diphosphonate (99mTc-
HMDP) single-photon emission computed tomography (SPECT)-CT, 1.5 T whole-
body magnetic resonance imaging (WBMRI) using diffusion-weighted imaging,
and 18F-prostate-specific membrane antigen-1007 (18F-PSMA-1007) positron
emission tomography(PET)-CT. Each modality was reviewed by two independent
experts blinded to the results of the prior studies, who classified lesions as benign,
equivocal, or malignant. Pessimistic and optimistic analyses were performed to
resolve each equivocal diagnosis. The reference standard diagnosis was defined
using all available information accrued during at least 12 mo of clinical follow-up.
Patients with equivocal reference standard diagnoses underwent MRI and/or CT to
search for the development of anatomical correspondence. PSMA PET-avid lesions
without histopathological verification were rated to be malignant only if there was
a corresponding anatomical finding suspicious for malignancy at the primary or
follow-up imaging.
Results and limitations: Seventy-nine men underwent all imaging modalities
except for one case of interrupted MRI. The median interval per patient between
the first and the last imaging study was 8 d (interquartile range [IQR]: 6–9). The
mean age was 70 yr (standard deviation: 7) and median PSA 12 ng/mL (IQR:7–23).
The median follow-up was 435 d (IQR: 378–557). Metastatic disease was detected
in 20 (25%) patients. The imaging modality 18F-PSMA-1007 PET-CT had superior
sensitivity and highest inter-reader agreement. The area under the receiver-oper-
ating characteristic curve (AUC) values for bone metastasis detection with PSMA
PET-CT were 0.90 (95% confidence interval [CI]: 0.85–0.95) and 0.91 (95% CI: 0.87–
0.96) for readers 1 and 2, respectively, while the AUC values for BS, CT, SPECT-CT,
and WBMRI were 0.71 (95% CI: 0.58–0.84) and 0.8 (95% CI: 0.67–0.92), 0.53 (95% CI:
0.39–0.67) and 0.66 (95% CI: 0.54–0.77), 0.77 (95% CI: 0.65–0.89) and 0.75 (95% CI:
0.62–0.88), and 0.85 (95% CI: 0.74–0.96) and 0.67 (95% CI: 0.54–0.80), respectively,
for the other four pairs of readers. The imaging method 18F-PSMA-1007 PET-CT
detected metastatic disease in 11/20 patients in whom standard imaging was
negative and influenced clinical decision making in 14/79 (18%) patients. In 12/
79 cases, false positive bone disease was reported only by PSMA PET-CT. Limitations
included a nonrandomised study setting and few histopathologically validated
suspicious lesions.
Conclusions: Despite the risk of false positive bone lesions, 18F-PSMA-1007 PET-CT
outperformed all other imaging methods studied for the detection of primary
distant metastasis in high-risk PCa.
Patient summary: In this report, we compared the diagnostic performance of
conventional and advanced imaging. It was found that 18F-prostate-specific mem-
brane antigen-1007 positron emission tomography/computed tomography (18F-
PSMA-1007 PET-CT) was superior to the other imaging modalities studied for the
detection of distant metastasis at the time of initial diagnosis of high-risk prostate
cancer. PSMA PET-CT also appears to detect some nonmetastatic bone lesions.
© 2020 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://creati-

vecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Many men diagnosed and treated for localised prostate
cancer (PCa) have distant recurrence, indicating that
metastatic spread was present at the time of initial
diagnosis [1]. Tumour spread to soft tissues, especially
lymph nodes (LNs), is traditionally evaluated with comput-
ed tomography (CT) of the abdomen and pelvis or with
pelvic magnetic resonance imaging (MRI), which have
limited sensitivity [2,3]. Search for bone metastases
commonly uses methodologies with limited accuracy, such
as bone scintigraphy (BS) and CT [4,5].

Prostate-specific membrane antigen (PSMA) positron
emission tomography (PET) has emerged as a promising
diagnostic tool for PCa staging [6], and a multicentre trial
recently reported superiority of 68Ga-PSMA-11 PET-CT over
conventional imaging in primary staging of high-risk PCa
[7]. However, several questions remain unanswered, includ-
ing superiority of PSMA PET-CT over other novel imaging
modalities, particularly whole-body MRI (WBMRI). WBMRI
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with diffusion-weighted imaging (DWI) is an effective
method for overall staging in PCa, showing improved
detection of bone metastases compared with traditional
imaging [5]. DWI can detect metastases in normal-sized LNs
and early intramedullary bone metastases before the
appearance of cortical destruction or reactive processes
[8,9]. Furthermore, the optimal tracer for PSMA PET imaging
has not been determined. The novel 18F-labeled PET tracers
DCFPyL and PSMA-1007 are promising PSMA-targeting
ligands [10,11]. The half-life of 18F-PSMA is longer than that
of 68Ga-PSMA; 18F-PSMA is cyclotron produced, enabling
centralised production in larger quantities and long-distance
transport, providing a more practical option for PCa imaging
[12]. Finally, there are only limited validation data on PSMA-
avid lesions lacking anatomic correspondence [13].

We have previously demonstrated the superior diagnos-
tic accuracy of 18F-NaF PET-CT, WBMRI, and 99mTc-hydro-
xymethylene diphosphonate (99mTc-HMDP) single-photon
emission computed tomography (SPECT)-CT over BS for the
detection of PCa bone metastases in a prospective setting
(SKELETA trial) [5]. These findings needed further validation
as there were few (n = 27) PCa patients, there were no soft
tissue assessment, and PSMA PET-CT was not included. The
rationale for the present trial was to find the most
appropriate initial staging modality for high-risk PCa.

2. Patients and methods

2.1. Study design

This investigator initiated, nonrandomised, prospective, single-institu-
tional trial (ClinicalTrials.gov NCT03537391) compared the diagnostic
accuracy of advanced imaging modalities with that of traditional ones in
primary staging of men with high-risk PCa. We report the results of
distant metastasis staging from this multimodality research project. For
Fig. 1 – Study outline. CT = computed tomography; DWI = diffusion-weighted i
resonance imaging; PET = positron emission tomography; PSMA = prostate-spe
tomography. a The location (city) of the reader. b The software used for image 

Stockholm, Sweden), Advantage Workstation (version 4.7; GE Healthcare, Buc, 

Geneva, Switzerland), and Vue PACS (version 12.2.0.1007; Carestream Health In
clarity, the T staging and N staging are being reported separately. The trial
was approved by the local ethics committee, and written informed
consent was obtained from all participants. The study outline is
illustrated in Figure 1.

2.2. Participants and study procedures

Between March 2018 and June 2019, men (n = 80) with primary
histopathologically confirmed high-risk PCa were prospectively enrolled.
Patients aged at least 18 yr were eligible if they met at least one of the
following criteria: (1) International Society of Urological Pathology
(ISUP) grade group �3, (2) prostate-specific antigen (PSA) �20 ng/mL,
and (3) clinical tumour stage �3a. Exclusion criteria included any
previous PCa imaging for metastasis staging, PCa treatment before
enrolment, and contraindications for MRI (pacemaker, intracranial clips,
etc.). Each imaging study was arranged within 2 wk after enrolment
without a prespecified sequence. Administration of androgen depriva-
tion therapy (ADT) at enrolment was permitted if necessary for
symptomatic very-high-risk PCa patients.

After consenting, participants were referred for metastasis staging
with all the following imaging modalities:

1 Standard imaging: 99mTc-HMDP planar BS and contrast-enhanced CT
of the thorax, abdomen, and pelvis

2 Imaging under evaluation: 18F-PSMA-1007 PET-CT, WBMRI including
DWI, and 99mTc-HMDP SPECT-CT

A detailed description of each imaging modality is given in the
Supplementary material. The patients were followed for at least 12 mo
and follow-up imaging was performed, if necessary, to validate equivocal
imaging findings.

2.3. Image reporting

Each imaging modality was independently double read by two
experienced modality-based experts, from a group of six nuclear
medicine physicians and four radiologists. Experience of the expert
maging; HMDP = hydroxymethylene diphosphonate; MRI = magnetic
cific membrane antigen; SPECT = single-photon emission computed
interpretation: HybridViewer (version 2.6 P; Hermes Medical Solutions,
France), Weasis Medical Viewer (version 3.5.3; University of Geneva,
c., Rochester, NY, USA).
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readers is shown in Supplementary Table S1 . The readers were blinded
to the other imaging modalities and informed that the patients
presented with high-risk PCa. The lesions were interpreted according
to clinical expertise complying with the current guidelines and reported
as malignant, equivocal, or benign [2,14]. The software used for image
interpretations are shown in Figure 1. Study data were collected and
managed using a REDCap electronic data capture tool [15]. A detailed
description of the interpretation of metastatic lesions is given in the
Supplementary material.

The nature of each reported lesion was defined based on
the regularly organised consensus meetings by a multidisciplinary
team, including at least one uro-oncologist, one uropathologist,
two radiologists (CT and MRI specialists), and one nuclear
medicine physician. The examination results from all primary and
follow-up imaging modalities, and clinical follow-up data (including
PSA kinetics and, when available, histopathological specimens) were
utilised to determine the reference standard diagnosis [7,16–18] for
each lesion. The lesions reported from each modality were rated
according to this reference standard diagnosis, which was determined
by consensus as either benign or malignant. Equivocal findings
reported by the investigational readers were all reclassified as
malignant or benign according to a pessimistic or an optimistic
analysis, respectively.

PSMA PET-avid lesions lacking histopathological verification were
rated as malignant only if there was a corresponding anatomical finding
suspicious for malignancy at primary or follow-up MRI and/or CT
(Supplementary material). If there were no typical benign or malignant
finding on MRI/CT within lesions associated with a tracer uptake,
excluding normal physiological uptake areas, follow-up imaging was
used to identify possible development of anatomical correspondence
using MRI and/or CT from the region of interest. If follow-up imaging did
not reveal anatomical correspondence, the lesion was considered
nonmalignant (false positive).

The bone and soft tissue findings were compared at the patient,
region, and lesion levels. The regions were divided into three categories
according to the eighth edition of UICC 2009 tumour node metastasis
(TNM) classification for PCa [19].

2.4. Outcomes

The primary outcome was detection of bone metastasis. The secondary
outcomes included detection of soft tissue metastasis and the effect of
staging on clinical treatment decision making.

2.5. Statistical analysis

This study was designed to demonstrate a possibly improved diagnostic
performance of three advanced imaging modalities compared with two
traditional ones in the primary staging of high-risk PCa. The primary
outcome measurement was the diagnostic accuracy assessed by the area
under the receiver-operating characteristic curve (AUC) values of bone
metastasis detection in the pessimistic analysis (equivocal lesions
classified as malignant).

The sample size estimation was based on our previously published
pilot trial SKELETA [5], where AUC values for PET-CT and BS were
0.91 and 0.72, respectively. We estimated that for the detection of a
0.19 difference in the AUC value using a two-tailed test with a power of
80% at a significance level of 0.05 in a 2:1 ratio of sample sizes in
negative/positive groups, 48 cases and 24 positive cases were required.
Accounting for possible dropouts, the recruitment goal was
80 patients.

The sensitivity, specificity, and accuracy values are reported with a
95% confidence interval (CI) and compared between modalities with
Fisher’s exact test. The inter-reader agreement at the patient level was
defined using Cohen’s kappa (95% CI). The AUC values were calculated
using the trapezoid rule. The AUC values in the pessimistic analysis at the
region level (bone) were calculated and compared using a method by
Hanley and McNeil [20]. The analysis was performed using logistic
regression. All p values of <0.05 were considered statistically significant.
All statistical analyses were performed with the SAS system (version
9.4 for Windows; SAS Institute Inc., Cary, NC, USA).

3. Results

Eighty patients were enrolled, and 79 patients completed
the study. The study flow chart is presented in
Figure 2. Except for one case of interrupted MRI due to
unexpected claustrophobia, all patients were studied with
all imaging modalities, resulting in 394 imaging examina-
tions and 788 interpretations. The median interval per
patient between the first and the last imaging study was 8 d
(interquartile range [IQR]: 6–9). The median follow-up
period per patient was 435 d (IQR: 378–557).

The clinical characteristics are presented in Table 1. Of
79 patients, 20 had metastatic disease. Of these patients,
nine had bone, four had extraregional nodal, four had bone
and extraregional nodal, and three had bone, extraregional
nodal, and visceral metastases (all pulmonary metastases).
Four patients (5%) each had a significant additional imaging
finding detected by PSMA PET-CT, CT, and MRI (neck
paraganglioma, renal carcinoma, brain tumour, and bladder
carcinoma). There were no PSMA-negative bone metasta-
ses, but in one patient a PSMA-negative extraregional LN
disease (M1a) was detected only with MRI.

In one case, there was a PSMA-avid (maximum
standardised uptake value [SUVmax] 3.0) sclerotic lesion
on the right scapula. CT-guided biopsy from the lesion
revealed fibrous dysplasia. The same patient also had
PSMA-avid lesions without anatomical correspondence in
the ribs (SUVmax 2.3, 2.9, and 2.5) and femur (SUVmax 3),
all considered benign. In another patient, a PSMA-avid
(SUVmax 6.5), round, 11-mm LN in the left axilla, the largest
of several similar LNs, was confirmed to be reactive through
ultrasound-guided biopsy.

Primary external beam radiotherapy was given to 37/79
(47%) patients. In 11 (30%) cases, the clinical target
volume in radiotherapy was changed after PSMA PET-CT.
Robot-assisted laparoscopic prostatectomy was performed
in 22/79 (28%) patients. Of these 22 surgical patients,
pelvic lymphadenectomy was performed in 17. In two
of the 22 (9%) patients, advanced imaging affected
the surgical approach or the adjuvant treatment. Surgery
was considered curative in 17/22 cases based on a 3-mo
PSA level of <0.1 ng/mL (of which eight patients had a
PSA level of <0.006; Supplementary Fig. S1). Two (3%)
patients underwent MRI-guided transurethral ultrasound
ablation. In five (6%) cases, ADT was administered at
enrolment due to symptomatic high-volume metastatic
disease, and four of these patients underwent early
chemohormonal therapy. Of 79 (16%) patients, 13 were
treated only by continuous ADT. In two (3%) patients, ADT
was initiated due to metastatic disease detected only by
PSMA PET-CT.



Fig. 2 – Study flow chart. ISUP = International Society of Urological Pathology; MRI = magnetic resonance imaging; PSA = prostate-specific antigen. a All
men in the hospital district of Southwest Finland had a new diagnosis of prostate cancer during the period from March 2018 through May 2019. Study
patients were identified for this study by the Department of Urology at the Turku University Hospital.

Table 1 – Patient demographics, disease characteristics, and primary treatment methods.

Age (yr), mean (SD) 70 (7)
PSA (ng/mL), median (IQR [range]) 12 (7–23 [3–2000])
Clinical T stage, n (%)a

cT1 7 (9)
cT2 38 (48)
cT3 27 (34)
cT4 8 (10)

Biopsy ISUP grade group, n (%)
1b 3 (4)
2 1 (1)
3 29 (36)
4 13 (16)
5 34 (42)

Primary treatment methods, n (%)c

RALP 5 (6)
RALP + lymphadenectomy 17 (21)
EBRT 38 (48)
TULSA 2 (3)
ADT 17 (21)
Watchful waiting 1 (1)

ADT = androgen deprivation therapy with (n = 4) or without (n = 13) early chemotherapy with docetaxel; EBRT = external beam radiotherapy with (n = 37) or
without (n = 1) ADT; IQR = interquartile range; ISUP = International Society of Urological Pathology; PSA = prostate specific antigen; RALP = robot-assisted
laparoscopic prostatectomy; SD = standard deviation; TULSA = transurethral ultrasound ablation of the prostate.
All patients were Caucasians and presented with good performance status at the time of enrolment (Eastern Cooperative Oncology Group Performance status
0–1).
a Clinical T stage was determined based on transrectal ultrasound and digital rectal examination before any imaging.
b All patients with ISUP grade group 1 had PSA > 20 ng/mL.
c In two cases, palliative transurethral resection of the prostate was performed due to bladder outlet obstruction prior to EBRT, and one case underwent palliative
TULSA combined with ADT.
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Table 2 – Sensitivity, specificity, and accuracy of both readers of each imaging modality in pessimistic and optimistic analysis at the patient
level.

Imaging modality and reader Pessimistic analysis Optimistic analysis

Sensitivity
(95% CI)

Specificity
(95% CI)

Accuracy
(95% CI)

Sensitivity
(95% CI)

Specificity
(95% CI)

Accuracy
(95% CI)

CT 1 0.57 (0.36–0.78)a,b 0.33 (0.21–0.45)a,b 0.39 (0.27–0.52)a,b 0.43 (0.22–0.64)a,b 0.79 (0.69–0.90) 0.70 (0.58–0.81)b

CT 2 0.43 (0.22–0.64)a,b 0.95 (0.89–1.01)a,b 0.81 (0.71–0.91) 0.33 (0.13–0.53)a,b 0.98 (0.95–1.02)b 0.81 (0.71–0.91)
SPECT-CT 1 0.67 (0.47–0.87)b 0.74 (0.63–0.85) 0.72 (0.61–0.84) 0.52 (0.31–0.73)a,b 0.97 (0.92–1.01)b 0.85 (0.76–0.94)
SPECT-CT 2 0.57 (0.36–0.78)a,b 0.86 (0.77–0.95) 0.78 (0.68–0.84)b 0.33 (0.13–0.53)a,b 0.98 (0.95–1.01)b 0.81 (0.71–0.94)
WBMRI + DWI 1 0.67 (0.47–0.87)b 0.80 (0.70–0.91) 0.77 (0.66–0.88) 0.67 (0.47–0.87) 0.96 (0.91–1.01)b 0.88 (0.80–0.97)
WBMRI + DWI 2 0.52 (0.31–0.74)a,b 0.82 (0.72–0.92) 0.74 (0.63–0.86) 0.43 (0.22–0.64)a,b 0.96 (0.91–1.01)b 0.82 (0.72–0.92)
PSMA PET-CT 1 0.90 (0.78–1.00) 0.76 (0.65–0.87) 0.80 (0.69–0.90) 0.86 (0.71–1.00) 0.90 (0.82–0.97) 0.89 (0.80–0.97)
PSMA PET-CT 2 0.95 (0.86–1.00) 0.79 (0.69–0.90) 0.84 (0.74–0.93) 0.95 (0.86–1.00) 0.81 (0.71–0.91) 0.85 (0.76–0.94)

BS = bone scintigraphy; CI = confidence interval; CT = computed tomography; DWI = diffusion-weighted imaging; PET = positron emission tomography; PSMA =
prostate-specific membrane antigen; SPECT = single-photon emission computed tomography; WBMRI = whole-body magnetic resonance imaging.
Planar BS was excluded from the patient-level analysis due to its inability to assess soft tissues.
Metastatic disease was revealed by standard imaging (combination of BS and CT), SPECT-CT, WBMRI, and PSMA PET-CT in nine, 11, 13, and 19 of 20 patients,
respectively.
The exact p values are presented in Supplementary Table S2.
a Statistically significant difference (p < 0.05) compared with PSMA PET-CT 1.
b Statistically significant difference (p < 0.05) compared with PSMA PET-CT 2.
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Altogether 1137 malignant and 444 equivocal lesions
were identified. The reported equivocal lesions were
distributed among modalities as follows: BS 41 (reader 1:
n = 18, and reader 2: n = 23), CT 208 (183 and 25), SPECT-CT
76 (34 and 42), MRI 85 (47 and 38), and PSMA PET-CT 34
(21 and 13). All 1581 lesions were consensus read, resulting
in 212 lesions considered as malignant (the reference
standard diagnosis): 129 bone, 53 extraregional LN, and
30 visceral.

The results of the analyses at patient level are shown in
Table 2 and Supplementary Table S2. PSMA PET-CT detected
metastatic disease in 11 of 20 patients in whom standard
imaging (combination of BS and CT) was negative and in six
of 20 patients in whom all other imaging modalities were
negative (Supplementary Fig. S2). The inter-reader agree-
Table 3 – Sensitivity, specificity, and accuracy of both readers of each i
level (bone).

Imaging modality and reader Pessimistic analysis 

Sensitivity
(95% CI)

Specificity
(95% CI)

Acc
(95

Bone scintigraphy 1 0.50 (0.26–0.75)a,b 0.89 (0.81–0.97) 0.81
Bone scintigraphy 2 0.69 (0.46–0.91)a,b 0.86 (0.77–0.94) 0.82
CT 1 0.56 (0.32–0.81)a,b 0.49 (0.37–0.62)a,b 0.51
CT 2 0.25 (0.04–0.46)a,b 1.00 (1.00–1.00)a,b 0.85
SPECT-CT 1 0.69 (0.46–0.91)a,b 0.79 (0.69–0.89) 0.77
SPECT-CT 2 0.63 (0.39–0.86) a,b 0.87 (0.79–0.96) 0.82
WBMRI + DWI 1 0.69 (0.46–0.91)a,b 0.88 (0.81–0.97) 0.84
WBMRI + DWI 2 0.44 (0.19–0.69)a,b 0.90 (0.83–0.98) 0.81
PSMA PET-CT 1 1.00 (1.00–1.00) 0.79 (0.69–0.89) 0.84
PSMA PET-CT 2 1.00 (1.00–1.00) 0.83 (0.73–0.92) 0.86

CI = confidence interval; CT = computed tomography; DWI = diffusion-weighte
membrane antigen; SPECT = single-photon emission computed tomography; WB
The exact p values are presented in Supplementary Table S3.
a Statistically significant difference (p < 0.05) compared with PSMA PET-CT read
b Statistically significant difference (p < 0.05) compared with PSMA PET-CT read
ment values (kappa) in the pessimistic analysis at the
patient level were 0.56 (95% CI: 0.34–0.77), 0.02 (95% CI:
0.11–0.14), 0.46 (95% CI: 0.26–0.66), 0.34 (95% CI: 0.11–0.56),
and 0.82 (95% CI: 0.69–0.95) for BS, CT, SPECT-CT, WBMRI,
and PSMA PET-CT, respectively.

The results of the analyses of the bone and soft tissue
regions are shown in Table 3, and Supplementary
Tables S3 and S4. At the region level (bone), PSMA PET-
CT was significantly more sensitive than other imaging
modalities. Notably, PSMA PET-CT was superior to the
other imaging modalities regarding the AUC values
(reader 1: 0.90 [95% CI: 0.85–0.95], reader 2: 0.91 [95%
CI: 0.87–0.96]) in the pessimistic analysis at region level
(bone) and met our primary endpoint (Supplementary
Table S5).
maging modality in pessimistic and optimistic analysis at the region

Optimistic analysis

uracy
% CI)

Sensitivity
(95% CI)

Specificity
(95% CI)

Accuracy
(95% CI)

 (0.71–0.91) 0.38 (0.14–0.61)a,b 1.00 (1.00–1.00)a,b 0.87 (0.79–0.96)
 (0.73–0.92) 0.44 (0.19–0.68)a,b 1.00 (1.00–1.00)a,b 0.89 (0.81–0.96)

 (0.38–0.63)a,b 0.31 (0.09–0.54)a,b 0.87 (0.79–0.96) 0.76 (0.65–0.87)a

 (0.76–0.94) 0.25 (0.04–0.46)a,b 1.00 (1.00–1.00)a,b 0.85 (0.76–0.94)
 (0.67–0.88) 0.63 (0.39–0.86)b 0.97 (0.92–1.02)b 0.90 (0.82–0.97)
 (0.73–0.92) 0.44 (0.19–0.68) a,b 0.98 (0.95–1.01)b 0.87 (0.79–0.96)
 (0.75–0.94) 0.62 (0.39–0.86)b 0.98 (0.95–1.02)b 0.91 (0.84–0.98)
 (0.71–0.90) 0.44 (0.19–0.68)a,b 0.97 (0.92–1.01)b 0.86 (0.77–0.94)
 (0.74–0.93) 0.94 (0.82–1.00) 0.90 (0.83–0.98) 0.91 (0.84–0.98)
 (0.78–0.95) 1.00 (1.00–1.00) 0.90 (0.73–0.92) 0.86 (0.77–0.95)

d imaging; PET = positron emission tomography; PSMA = prostate-specific
MRI = whole-body magnetic resonance imaging.

er 1.
er 2.



Table 4 – The total number of lesions reported by both readers of each imaging modality and their concordance with the reference standard
diagnosis at lesion level.

Imaging
modality
and reader
number

Number of
positive
lesions
reported

Number
of true
positive
lesions

Detection
rate of
true positive
lesions (%)

Number
of false
positive
lesions

Number
of false
negative
lesions

Number of
equivocal
lesions
reported

Ratio of
equivocal
to all detected
lesions (%)

BS 1 45 41 19 4 88 18 29
BS 2 57 51 24 6 78 23 29
CT 1 158 106 50 52 106 183 54
CT 2 82 74 35 8 138 25 23
SPECT-CT 1 106 99 47 7 113 34 24
SPECT-CT 2 76 67 32 9 145 42 36
WBMRI + DWI 1 95 88 42 7 124 47 33
WBMRI + DWI 2 131 78 37 53 134 38 22
PSMA PET-CT 1 205 183 86 22 29 21 9
PSMA PET-CT 2 182 152 72 30 60 13 7

BS = bone scintigraphy; CT = computed tomography; DWI = diffusion-weighted imaging; PET = positron emission tomography; PSMA = prostate-specific
membrane antigen; SPECT = single-photon emission computed tomography; WBMRI = whole-body magnetic resonance imaging.
There were 212 malignant lesions (reference standard diagnoses) in the patient cohort, of which 129 were bone and 83 soft tissue lesions.
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The number of all malignant and equivocal lesions
reported by each reader and their concordance with the
reference standard diagnosis are shown in Table 4. The total
numbers of false positive lesions were 22 for PET reader
1 and 30 for PET reader 2. Supplementary Figures S3 and S4
demonstrate the SUVmax values of all reported malignant
lesions for PSMA PET readers 1 and 2, respectively. The
mean SUVmax values of all true positive (Supplementary
Fig. S5) and false positive (Supplementary Fig. S6) lesions
were 10.5 (range: 2.3–55.4) and 5.4 (range: 2.8–10.5),
respectively. There were six and 12 false positive metastatic
patients according to PET readers 1 and 2, respectively.
Clinicopathological characteristics including all follow-up
imaging and validation data are presented for both true
positive (Supplementary Table S6) and false positive
(Supplementary Table S7) PSMA PET lesions in detail.

4. Discussion

Our study design with prospective head-to-head compari-
son between the standard and advanced imaging modali-
ties combined with extended follow-up provided detailed
image-based characterisation and reliable validation of the
metastatic lesions. In this study, 25% of the patients had
metastatic disease and PSMA PET-CT detected 95% of these
cases. PSMA PET-CT detected metastatic disease in 14% of
the patients when standard imaging modalities were
negative. PSMA PET-CT had superior sensitivity for
detection of distant metastasis. However, 15% of the
patients had false positive PSMA-PET findings at the
patient level. Our strict requirement for anatomical
correspondence of PSMA-avid lesions might underesti-
mate the specificity of PSMA PET, a highly sensitive tool for
detecting PCa metastases. In most of the cases, false
positive PSMA PET findings were related to moderately
increased bone uptake without any corresponding ana-
tomical findings in primary or follow-up imaging. False
positive uptake is most commonly caused by fractures and
degenerative joint disease, and rarely by fibrous dysplasia
(as in one of our cases), Paget’s disease of the bone, and
haemangiomas [13].

CT and BS have been the methods of choice for metastasis
staging in newly diagnosed PCa [2]. Reliable exclusion of
metastases in higher-risk cases is paramount since local
radical therapy cannot achieve cure in the presence of
distant metastases and may instead expose patients to
treatment-related adverse effects without any therapeutic
benefit. Few trials have demonstrated a survival benefit
from local radical therapy in patients with low-volume
metastatic disease [21].

As our results suggest, 18F-PSMA-1007 PET-CT increases
the detection of metastatic disease, mostly low-volume
metastatic disease. The ultimate benefit of earlier metasta-
sis detection upon prognosis, patient management, and
survival has yet to be established. Despite this uncertainty,
the recognition of oligometastatic disease using imaging
modalities with higher sensitivity enables specific therapy
of these metastases, which may postpone the need for
debilitating systemic therapy and delay or even arrest
metastatic progression [22–24]. In 14/79 (18%) of our
patients, 18F-PSMA-1007 PET-CT influenced clinical decision
making.

One limitation of this trial is the nonrandomised trial
setting. Accumulating evidence suggests that PSMA PET
has a significant impact on treatment decision making
[7,25], but additional evidence supporting the oncological
benefit of detecting metastatic disease earlier by im-
proved imaging is still needed. The main rationale for this
study was to determine the most accurate imaging
modality for metastasis staging of high-risk PCa in a
prospective setting. Such data were lacking prior to this
multimodality research project. There is encouraging
evidence of improved metastasis detection with 68Ga-
PSMA-11 PET-CT over conventional imaging in patients
with high-risk PCa; however, WBMRI was not included in
these trials [7,25]. Further, the widespread utilisation of
68Ga-PSMA-11 is challenging due to production capacity
and nuclear decay properties. The novel 18F-PSMA-1007
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tracer could overcome these limitations [12]. The charac-
terisation and validation of the novel 18F-PSMA-1007-
radiotracer, and its superiority to conventional imaging on
metastasis staging, in which available data are limited,
were among the objectives of this study, in preparation for
further trials.

The lack of histopathologically verified distant meta-
static lesions is an inherent limitation in studies where
advanced and more sensitive imaging modalities such as
PSMA PET-CT are likely to identify smaller lesions, some of
which lack a corresponding morphological lesion neces-
sary for successful image-guided biopsy [26]. In order to
manage challenges of PSMA PET-avid lesions in the
absence of histological verification, we chose strict
validation criteria, that is, only PSMA PET-avid lesions
with anatomical correspondence were considered true
positive. Using these strict criteria, we may have classified
some truly positive lesions as negative. Our results
compare favourably with a recent multi-institutional study
[7]. Using strict validation criteria, they detected distant
metastases in 18/300 (6%) compared with 20/79 (25%)
cases in our study.

Initiation of ADT for symptomatic very-high-risk
patients at enrolment could be regarded as a minor
limitation; however, all imaging studies were performed
within 2 wk from enrolment, and ADT is unlikely to have
had a significant influence on the detectability of
metastatic lesions [27]. Only five patients were having
on-going ADT before imaging, and all these patients had
high-volume metastatic disease detected by all imaging
modalities.

An explicit strength of this study was the relatively high
percentage of radical prostatectomies (28%), of which 77%
were considered curative with undetectable 3-mo post-
operative PSA levels. Our results provide additional
information on the SUVmax level of PSMA-uptake foci
found in these patients. Consequently, 10/17 curatively
operated patients had low PSMA-uptake foci without
anatomical correspondence in bone, all of whom were
considered to have nonmalignant lesions, also having
undetectable PSA levels after surgery. These low-to-
moderate uptake bone foci lacking corresponding imaging
findings are a challenge and necessitate caution when
interpreting the nature of PSMA-positive lesions in bone,
especially in the ribs [28].

A primary strength of our study is that all patients
underwent all five imaging modalities, which were
completed in a median of 8 d per patient. Furthermore,
the study strengths included blinded double reading of all
imaging modalities to define inter-reader variability and
extended follow-up (median 435 d) supporting the imaged-
based validation. Six patients were diagnosed with meta-
static disease having only PSMA-positive lesions. All these
lesions were considered malignant based on moderate-to-
high PSMA uptake and anatomic correspondence found
retrospectively with MRI and/or on follow-up imaging.
Moreover, there were no PSMA-negative malignant bone
lesions in this trial, although there is some evidence of low
or even negative PSMA uptake in sclerotic bone metastases
[29]. Several sclerotic bone lesions detected by CT (n = 30)
were confirmed by WBMRI to represent nonmalignant
aetiology.

We wish to emphasise that multicentre standardisation
for SUVs with 18F-PSMA-1007 tracer is a prerequisite for
comparable results within and among participating clinics
in future multicentre trials. The regularised PET image
reconstruction algorithm (GE Healthcare, Milwaukee, WI,
USA) used in the present trial may have improved lesion
detectability and given higher SUV values than standard
ordered subset expectation maximisation PET image
reconstruction [30].

5. Conclusions

In summary, 18F-PSMA-1007 PET-CT has superior sensitivity
for detecting distant PCa metastases, but at the expense of
false positive bone lesions. Keeping this in mind, PSMA PET-
CT is a reliable tool for primary distant metastasis staging of
high-risk PCa.
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