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Objective PET/CT and multiparametric MRl (mpMRI) are
important diagnostic tools in clinically significant prostate
cancer (csPC). The aim of this study was to compare csPC
detection rates with [®*GalPSMA-11-PET (PSMA)-PET, [''C]
Acetate (ACE)-PET, and mpMRI with histopathology as
reference, to identify the most suitable imaging modalities
for subsequent hybrid imaging. An additional aim was to
compare inter-reader variability to assess reproducibility.

Methods During 2016-2019, all study participants were
examined with PSMA-PET/mpMRI and ACE-PET/CT prior
to radical prostatectomy. PSMA-PET, ACE-PET and mpMRI
were evaluated separately by two observers, and were
compared with histopathology-defined csPC. Statistical
analyses included two-sided McNemar test and index of
specific agreement.

Results Fifty-five study participants were included,
with 130 histopathological intraprostatic lesions >0.05
cc. Of these, 32% (42/130) were classified as csPC with
ISUP grade >2 and volume >0.5 cc. PSMA-PET and
mpMRI showed no difference in performance (P= 0.48),
with mean csPC detection rate of 70% (29.5/42) and
74% (31/42), respectively, while with ACE-PET the mean
csPC detection rate was 37% (15.5/42). Interobserver
agreement was higher with PSMA-PET compared

to mpMRI [79% (26/33) vs 67% (24/38)1. Including

all detected lesions from each pair of observers, the

Introduction

Prostate cancer (PC) is the second most common cancer
in men worldwide [1]. PC has a wide spectrum of clini-
cal significance and morbidity, and clinical management
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detection rate increased to 90% (38/42) with mpMRI, and
79% (33/42) with PSMA-PET.

Conclusion PSMA-PET and mpMRI showed high csPC
detection rates and superior performance compared to
ACE-PET. The interobserver agreement indicates higher
reproducibility with PSMA-PET. The combined result of

all observers in both PSMA-PET and mpMRI showed

the highest detection rate, suggesting an added value

of a hybrid imaging approach. Nuc/ Med Commun 44:
997-1004 Copyright © 2023 The Author(s). Published by
Wolters Kluwer Health, Inc.
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depends on the histopathological grade, localization and
stage [2]. According to European Association of Urology
guidelines [3] clinically significant PC (csPC) can be
defined as a lesion with histopathological International
Society of Urological Pathology (ISUP) grade 22.
Multiparametric MRI (mpMRI) is used to detect
csPC and is currently the imaging modality of choice
for "I=staging [4] and for targeted biopsy guidance [5].
Currently trending in radiotherapy, focal boosting based
on MRI tumor delineation has been shown to improve
biochemical recurrence-free survival [6]. The Prostate
Imaging Reporting and Data System (PI-RADS) v2.1 is
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used for standardized interpretation and reporting of PC
MRI [7]. Lesion size and grade are important determi-
nants of lesion detection rates. Turkbey ez /. [8]. found
a sensitivity of 68% with mpMRI for detection of lesions
>5 mm diameter, and only 37% for lesions <0.5 mm.

PET/CT with prostate-specific membrane antigen (PSMA)
ligands is used mainly for metastasis assessment [9]. PSMA
is a membrane-bound zinc protease, with frequent over-
expression in PC [10]. Several guidelines for evaluation of
PSMA-PE'T have been proposed, such as the PSMA-RADS
and PROMISE classifications [11-13]. Furthermore, early
results of PSMA-PET-based gross tumor volume delin-
eation in radiotherapy planning indicate no difference in
performance compared to mpMRI [14]. Comparing the
performance of mpMRI and PSMA-PET in intraprostatic
tumor detection, PSMA-PET has showed a sensitivity of
84% compared to 69% with mpMRI [15]. Other studies
confirm the high detection rate of PSMA-PET in the set-
ting of targeted biopsy guidance [16,17].

Before integration into clinical management, histopatholog-
ical verification is vital. Although other authors have previ-
ously compared PSMA-PE'T and mpMRI to histopathology
[15], to our knowledge no such evaluations have been per-
formed with simultancously acquired PE'T/MRI data. The
aim of this study was to evaluate and compare PSMA-PE'T]
ACE-PET and mpMRI in detection of intraprostatic lesions
in primary intermediate and high-risk PC, with co-regis-
tered whole-mount histopathology as reference standard.

Materials and methods

Study protocol

"This prospective trial was approved by the Swedish med-
ical products agency, the Regional Ethics Board, and the
Radiation Protection Committee at Umea University
Hospital (EudraC'T' number: 2015-005046-55, DNR:
2016-220-31M). Consecutive patients matching the
inclusion criteria, residing in Vasterbotten County, and
referred to Umea University Hospital, were offered to
participate. Written informed consent was obtained from
each study participant.

Inclusion criteria were intermediate or high-risk PC sched-
uled for radical prostatectomy, ISUP grade >2, >2 months
since last prostate biopsy, and age >18 years. Exclusion cri-
teria were non-MRI compatible implants, impaired renal
function, WHO Performance Status >1, previous neoadju-
vant/concomitant medical or surgical castration, transure-
thral prostate resection <6 months, metastatic PC (based
on the study-related imaging modalities), creatinine clear-
ance <30 ml/min, and other known malignancy (except
basal cell carcinoma of the skin, or progression-free sur-
vival >10 years after previous malignancy).

All participants were examined with ACE-PET/CT and
PSMA-PET/mpMRI prior to robot-assisted laparoscopic
radical prostatectomy.

PET/CT protocol

Standard ACE-PET/CT protocol was applied. The PET/
C'T examinations were acquired with a GE Discovery
690 PET/CT scanner (General Electric, Waukesha,
Wisconsin, USA). ACE 4-6 MBqg/kg was intravenously
administered. Ten minutes post-injection, PET data
were acquired in time-of-flight mode with 2 min/bed
position, from the proximal femur to the head, with
50 cm field-of-view for both PET and the diagnostic
non-contrast-enhanced C'T. PE'T data was reconstructed
with two different iterative reconstruction algorithms,
VuePoint HD, and SharpIR (General Electric). In-plane
resolution and slice thickness of the PET and CT scans
are presented in Table 1.

PET/MRI protocol

[**Ga]PSMA-11 2 MBq/kg was intravenously adminis-
tered 60 min post-injection, simultancous PET/MRI
with one pelvic bed position was acquired with a GE
Signa 3T PET/MRI scanner (General Electric). The
MRI protocol included three-plane (transversal, coro-
nal and sagittal) T2-weighted sequences, a transaxial
T1-weighted sequence, diffusion-weighted imaging with
b =0, 200, and 1000s/mm?, and a dynamic contrast-en-
hanced [Gadoteric acid (Dotarem Guerbet, Villepinte,
France), 279.3 mg/ml, 15 ml] sequence with acquisition
time of 9.6s repeated for 8 min. Based on the diffu-
sion-weighted imaging an apparent diffusion coefficient
map was generated by the MRI scanner software. MRI-
sequence characteristics are presented in Supplement 2,
Supplemental digital content 1, zzzp.//links.lww.com/NMC/
A255.

Table 1 Demographics and post-surgery characteristics of the 55
included study participants

Characteristics Median (min—max)

Age (years) 63 (45-76)
PSA (ng/ml) 6.3 (2.9-13.3)
Days between imaging and surgery 26 (2-138)
Injected activity PSMA (MBq) 163 (121-201)
Injected activity ACE (MBq) 426 (286-544)
Post RP ISUP N (%)

2 29 (52.7%)

3 17 (30.9%)

4 5 (9.1%)

5 4 (7.3%)
pT status

T2 24 (43.5%)

T3 31 (56.5%)
pN status

Not removed 44 (80.0%)

Lymph nodes removed without metastasis 9 (16.4%)

Lymph nodes removed with metastasis 2 (3.6%)
Surgical margin

Positive 14 (24.5%)

Negative 41 (74.5%)
Seminal vesicle involvement

None 51 (92.7%)

Right 0 (0%)

Left 2 (3.6%)

Both 2 (3.6%)

N, number of patients.
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During the MRI session, a 41-minute static PSMA-PET
acquisition was collected and reconstructed with SharpIR
(General Electric). PET and CT resolution characteris-

tics are presented in Supplement 1, Supplemental digital
content 2, Attp.f/links.lww.com/NMCIAZ56.

CT background for PSMA-PET reading

For the PSMA-PET/CT evaluation, the CT scan
acquired with the ACE-PET/CT was deformably reg-
istered to a transversal large field-of-view T2W MRI
sequence, acquired with the PSMA-PET/mpMRI, and
used as an anatomical synthetic C'T (sC'T') background to
enable comparative reading of the PSMA-PE'T.

Imaging evaluation

The readers were blinded to clinical information except
inclusion criteria. Two MRI radiologists (L..B. and V.B.)
evaluated mpMRI separately according to PI-RADS
v2.1 [7] in the web-based DICOM viewer and reporting
system Collective Minds Radiology ABs platform. Two
double-licensed nuclear medicine physicians/radiologists
(S.S. and K.R.) evaluated the SharpIR reconstructions
of both PSMA-PET/sCT and ACE-PE'T/C'T separately
in GE Advanced Workstation Server (AWS; General
Electric), and reported maximum and mean standardized
uptake values, functional tumor volume, mi'TNM stage
based on molecular imaging, and localization according to
the PI-RADS v2.1 sector map [7]. PSMA-PET/sCT was
also assessed according to PROMISE and PSMA-RADS
[18] European Association of Nuclear Medicine E-PSMA
guidelines for standardized reporting [12].

Histopathology

The size and ISUP grade were digitally annotated using
NDPview2 (Hamamatsu Photonic K.K., Hamamatsu
City, Japan). In the next step, histopathology was regis-
tered to in-vivo MRI according to a previously presented
method based on individual 3D-printed prostate molds,
ex-vivo MRI and image registrations [19], with the addi-
tion of an updated deformable registration including a
regularization to preserve relative histopathological dis-
tances [20]. All registrations were done in MICE toolkit
[21]. After registration, lesions connected in the z-direc-
tion (the same in-plane area but located in sequenced
histopathology slices) were considered as one lesion.

Statistical analysis

Sample size was determined by assuming a detection rate
of 70% for the individual imaging modalities. To achieve
80% power with a significance level of 5%, 67 lesions
were required to detect an increase in the combined
detection rate to 91% assuming independence between
the modalities.

The detection rates of the different imaging modali-
ties were evaluated in a lesion-based analysis and were
stratified into different ISUP grades and volumes (>0.5

Histopathology-validated lesion detection rates Sandgren et al. 999

cc, >0.1 cc, >0.05 cc), and combinations of those. The
two-sided McNemar test was used to evaluate differ-
ences in detection rates, with a level of significance of
P < 0.05. Interobserver reliability was assessed using
the index of specific agreement and the proportions of
agreement of true-positive and false-positive lesions

[22].

Results

Fifty-five consecutive study participants were included
in the study, as illustrated in the STARD diagram of
participant flow in Fig. 1. Patient demographics are
presented in Table 1. The median time between imag-
ing and surgery was 26 days (range 2-138). The PE'T/
CT and PET/MRI examinations were performed
on the same day in most cases (49/55). The remain-
ing six patients were examined with a maximum 1
month interval. Figure 2 illustrates the imaging modal-
ities compared to histopathology in four of the study
participants.

Histopathology revealed 130 lesions >0.05 cc (52
patients), 88 lesions >0.1 cc (50 patients) and 43 lesions
>0.5 cc (39 patients). The median volume of lesions >0.5

cc was 1.1 cc (0.5-10.8 cc). The distribution of ISUP
grades and lesion volumes are presented in Fig. 3.

Mean detection rates for specific ISUP grades separated
by different volume thresholds (>0.05 cc, >0.1 cc and >0.5
cc) are presented in Table 2. The mean detection rates
of ¢sPC lesions (ISUP grade >2) between each observer
pair, for each modality, calculated with varying volume
thresholds (>0.05 cc, >0.1 cc and >0.5 cc) are shown in
Fig. 4.

Detection rate of csPC lesions >0.5 cc

For the ¢sPC lesions >0.5 cc (42 lesions) the mean
observer detection rates for mpMRI, PSMA-PET, and
ACE-PET were 74% (31/42), 70% (29.5/42), and 37%
(15.5/42), respectively. For these lesions, the joint detec-
tion rate (lesions detected by at least one observer) was
90% (38/42) for mpMRI, 79% (33/42) for PSMA-PE'T and
62% (26/42) tfor ACE-PE'T. Supplement 3, Supplemental
digital content 3, kttp.//links.lww.com/NMCIAZ257 shows
a stacked bar plot of the detection frequencies of all
modalities and observers.

Detection rate of csPC lesions >0.1 cc

The detection rates of all ISUP grade >2 lesions >0.1
cc (74 lesions) for mpMRI, PSMA-PET, and ACE-
PET were 65% (48/74), 59% (44/74), and 38% (28/74),
respectively.

In the volume range between 0.1-0.5 cc, 32 lesions ¢sPC
lesions (ISUP grade >2) were found and at least one
PSMA-PET observer found 34% (11/32) of these, com-
pared to 31% (10/32) with mpMRI, and 9% (3/32) with
ACE-PET.
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Fig. 1
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STARD diagram of study participant flow.

Detection rate depending on anatomical location
Among all lesions >0.1 cc, 89% (78/88) were to some
extent located in the peripheral zone. Of the 11% (10/88)
that were not, PSMA-PE'T" detected 40% (4/10) and
mpMRI 20% (2/10). The anatomical location of these 10
lesions were the central zone, transition zone, and the
anterior fibromuscular stroma. Their median volume was
0.2 cc.

Joint detection rate of combined modalities
By combining the results of one of the mpMRI observ-
ers with one of the PSMA-PET observers, a hybrid

PSMA-PET/MRI evaluation can be mimicked. The result-
ing mean detection rate of ¢sPC lesions >0.5 cc was 89%
(37.75/42) [range: 79-93% (33/42-39/42)]. The joint detec-
tion rate for all four observers (lesions detected by at least
one mpMRI or PSMA-PET observer) was 95% (40/42), with
only two lesions undetected. Adding ACE, one more lesion
was found, resulting in a detection rate of 98% (41/42).

For the ¢sPC lesions >0.1 cc the mean detection rate for
one mpMRI observer and one PSMA-PET observer was
64% (47/74) [range: 57-70% (42/74-52/74)]. The joint
detection rate of all ¢sPC lesions >0.1 cc for all observers
(both mpMRI and both PSMA) was 77% (56/74). With the
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Fig. 2

Histopathology-validated lesion detection rates Sandgren et al. 1001
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Images from four study participants examined with ACE-PET/CT, PSMA-PET/sCT (both with PET intensity threshold SUV = 10) and mpMRI includ-
ing a T2-weighted sequence, early dynamic contrast-enhancement, diffusion-weighted sequence (b= 1000s/mm?), and apparent diffusion coeffi-
cient map. In our first example (case 1) all modalities (both observers), except for PSMA-PET, correctly identified the dominant intraprostatic lesion.
In case 2, the dominant lesion was correctly identified by both PSMA-PET observers, while mpMRI and ACE-PET were read as negative. In case
3, both PSMA-PET observers, and one mpMRI observer detected the dominant lesion. Lastly, in case 4, all modalities were in agreement and all

observers detected the lesion.

addition of ACE, 80% (59/74) lesions were detected. In total,
three PSMA-negative lesions were positive and identified
on ACE (2 with ISUP grade >2 and one with ISUP grade 1).

False-positive findings

The average number of false positive lesions was 16
(range: 3-29) for ACE-PET, 8 (range: 6-10) for mpMRI
and 6 (range: 5-6) for PSMA-PET. The total number of
false positive lesions, reported by at least one observer,
was 30 for ACE-PET, 13 for mpMRI and 8 for PSMA-
PE'T, respectively.

McNemar test

In the evaluation of lesion detection >0.1 cc, the
McNemar test showed no significant difference
(P =0.48) in diagnostic performance between mpMRI
and PSMA-PET. However, the diagnostic perfor-
mance of ACE-PE'T was significantly lower compared
to mpMRI and PSMA-PET (P =0.001 and 0.002,
respectively). Comparing a combined PSMA-PE'T and
mpMRI reading to stand-alone mpMRI and PSMA-
PET, the McNemar test showed that the combination
of PSMA-PET and mpMRI was superior to the indi-
vidual modalitiecs mpMRI and PSMA-PET (P =0.02
and 0.003, respectively).

Interobserver agreement

The index of specific agreement for detection of lesions
>0.1 cc was calculated according to the method proposed
by Shih ez al. [22], to 74%, 84%. and 34% for mpMRI,
PSMA-PET and ACE-PET, respectively. The proportion
of agreement for true positive lesions >0.5 cc was 63%
(24/38), 79% (26/33), and 23% (6/26) for mpMRI, PSMA-
PET and ACE-PET observers, respectively. The pro-
portion of agreement for false positive lesions was 16%
(3/19), 21% (3/14), and 6% (2/34) for the mpMRI, PSMA-
PET and ACE-PET observers, respectively. Hence, the
PSMA-PET evaluation resulted in fewer lesions only
identified by one observer compared to mpMRI.

Discussion

This study compared the diagnostic performance of
PSMA-PET, ACE-PET and mpMRI for detection
of clinically significant intraprostatic lesions in treat-
ment-naive intermediate and high-risk PC, with histo-
pathological validation. The main result of this study
shows that the mean lesion detection rates were similar
with mpMRI and PSMA-PE'T. The joint result of both
observers further increased the detection rate, and even
more so did the combination of both modalities mpMRI
and PSMA-PET, suggesting that a hybrid PSMA-PET/
MRI evaluation could improve diagnostic imaging in
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Fig. 3

Volume and ISUP grade

Volume [cc]
2

e il T

ISUP grade

Characteristics of lesions >0.05 cc identified in the histopathological examination (130 lesions). Each box represents the interquartile range with
the median value marked with a black line. The black dots represent the individual data points in each ISUP grade. The >0.5 cc threshold is marked

with a dashed line (n> 0.5 cc = 43).

Table 2 Mean observer detection rates (%) of intraprostatic lesions based on different ISUP grades and lesion volume thresholds, for

the different modalities

Lesions with a volume >0.05 cc

ISUP grade (N) 1(34) 2 (50)
ACE 4 10
mpMRI 7 21
PSMA 4 25
Lesions with a volume >0.1 cc
ISUP grade (N) 1(14) 2 (33)
ACE 4 15
mpMRI 7 32
PSMA 11 35
Lesions with a volume >0.5 cc
ISUP grade (N) 1(1) 2 (14)
ACE 50 29
mpMRI (0] 54
PSMA 0 61

3(23) 4(19) 5 (4)
15 32 63
52 61 100
54 55 100

3(20) 4(17) 5 (4)
18 35 63
60 68 100
60 62 100

3(11) 4(13) 5 (4)
27 46 63
82 81 100
68 73 100

N, number of lesions.

csPC. The interobserver index of specific agreement
was higher with PSMA-PET than with mpMRI (84%
compared to 74%), indicating that PSMA-PE'T might
be less observer-dependent and easier to reproduce. As
expected, ACE-PET was inferior in this setting, given
that ACE uptake overlaps in benign prostatic hyperpla-
sia and PC [23]. The rationale for including ACE-PET
in this study with focus on the primary tumor, was to
explore the possible associations between different
radiotracer uptakes and mpMRI signal patterns, and
different histopathological properties within the pri-
mary tumor; however, this is not within the scope of the

present article. Even so, it is worth mentioning that three
histology-confirmed csPC lesions were PSMA-PE'T neg-
ative and ACE-PET positive, indicating the usefulness
of ACE-PET as a possible problem-solver in selected
cases where high suspicion of csPC remains, despite
negative PSMA-PET and mpMRI.

Our result with similar performance of PSMA-PET and
mpMRI is supported by a recent publication by Sonni ¢z
al. which demonstrated similar accuracy of mpMRI and
PSMA-PET in intraprostatic lesion localization [24]. In
contrast, a comparative study by Zamboglou ez /. in 2021
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Fig. 4
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Mean observer detection rate of lesions with ISUP grade >2 calculated for each modality and with different lesions volume bins (upper graph), and

the mean observer detection rate for each ISUP grade (lower graph).

showed higher sensitivity for intraprostatic tumor detec-
tion with PSMA-PET (84%) compared to mpMRI (69%),
with whole-mount histopathology and different co-regis-
tration methods [15]. However, that study included only
ten participants.

In our cohort of 55 patients, only 42 lesions larger than 0.5 cc
and ISUP > 2 were found, which was lower than expected
when designing the study. When including lesions larger
than 0.1 cc, we found 88 lesions and thus performed our
statistical significance testing in this extended group.

The indication from our results that the PSMA-PE'T/
MRI hybrid imaging and reporting approach would
be preferable, is in line with previous studies [25,26].
Furthermore, the high interobserver agreement with
PSMA-PET is well aligned with previous publications
stating the highly consistent and reproducible interpreta-
tion of PSMA-PET in PC staging performed by observ-
ers with high level of experience [27].

One possible interference regarding the interobserver
agreement is that both PSMA-PE'T observers have

worked together for many years, while the MRI readers
have no such history. Furthermore, previous experience
of different MRI protocols, manufacturers and scanners
may have affected the mpMRI interobserver agreement.
Furthermore, to get an anatomical background without
MRI information, the PSMA-PET was evaluated with
a sCT, which is associated with a degree of image reg-
istration uncertainty. However, the prostate region was
minimally affected by this problem, thereby reducing
the possible negative effects of this limitation. Also, the
ACE-PET/CT protocol was designed without iodine
contrast since the PET/MRI and PET/C'T examinations
were scheduled in close succession, thus further impair-
ing the CT information. According to the ESUR 2018
Guidelines on Contrast Agents v 10.0 [28] injections of
iodine- and gadolinium-based contrast may be adminis-
tered within the same day with an interval of 4 h. This
time range, combined with the time required for the
PET/MRI examination, was not considered feasible and
therefore MRI contrast was prioritized based on its supe-
rior diagnostic properties compared to C'T contrast in the
setting of intraprostatic lesion characterization. Regarding
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the mpMRI, the collection of data for this study started in
2016, before PI-RADS v2.1 was implemented and there-
fore deviates from the current PI-RADS v2.1 recommen-
dation of 3 mm slice thickness of the diffusion-weighted
and contrast-enhanced sequences. The slice thickness in
the protocol for these sequences was 5 mm, to facilitate
correlation with the histopathology sections. This limi-
tation might have impaired mpMRI detection of lesions
<5 mm.

Although the presentstudy did not perform a hybrid PSMA-
PE'T/MRI evaluation, our combined result of the different
modalities (PSMA-PET and mpMRI) and several other
publications have presented data supporting that hybrid
PSMA-PET/MRI can improve the diagnosis of csPC com-
pared with mpMRI alone [29], and this will be the focus of
our next analysis of the study data. Furthermore, analysis
of correlations between different radiotracer uptakes, MRI
patterns and histopathologic tumor properties is currently
ongoing and will be presented in a separate article.

Conclusion

PSMA-PET and mpMRI showed high detection rates of
¢sPC and no difference in performance. The interobserver
agreement indicates higher reproducibility with PSMA-
PE'T. The combined result of all observers in both PSMA-
PET and mpMRI showed the highest detection rate,
suggesting an added value of a hybrid imaging approach.
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