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Our purpose was to explore whether 68Ga-PSMA PET/CT alone

(PET/CT) or in combination with multiparametric MRI (PET/MRI)
can improve the detection of clinically significant prostate cancer

(PCa). Methods: We retrospectively enrolled 54 patients who un-

derwent both MRI and PET/CT before radical prostatectomy. Re-

gions of interest on MR images, PET/CT images, and pathologic
images were marked. A lesion was defined as a region of interest

marked on images obtained with any of the 3 modalities. All lesions

were characterized using the prostate imaging reporting and data

system (PI-RADS), the molecular imaging PSMA expression score,
and the pathologic results and analyzed. Diagnostic performance was

analyzed by receiver-operating-characteristic analysis. Specific im-

provement for lesions with different PI-RADS scores was analyzed

using the net reclassification index (NRI). Results: In total, 90 lesions
from 54 patients were analyzed, among which 66 lesions represented

clinically significant PCa. Receiver-operating-characteristic analysis

showed PET/MRI to perform better than MRI in detecting clinically
significant PCa (change in area under the curve, 0.06; 95% confi-

dence interval, 0.01–0.12; P , 0.05). With the calculated cutoff,

PET/MRI performed significantly better than MRI (NRI, 21.9%; P ,
0.01), with an improvement in sensitivity (89% vs. 76%, P , 0.01) at
no sacrifice of specificity (96% vs. 88%, P . 0.05). Improvement in

diagnosing clinically significant PCa occurred for lesions classified as

PI-RADS 3 (NRI, 66.7%; P , 0.01). Conclusion: PET/MRI improves

the detection of clinically significant PCa for PI-RADS 3 lesions.
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Early detection of clinically significant prostate cancer (PCa)
is of great importance for proper patient management (1,2).
Systematic transrectal ultrasound biopsy is currently recom-
mended as the standard strategy by international guidelines in
cases of suspected PCa (3,4). However, this approach is responsi-
ble for the underdetection of clinically significant PCa and the
overdetection of clinically insignificant cancer (5,6).
Prostate multiparametric MRI has recently shown promising

results for detection of clinically significant PCa compared with
systematic biopsy (7,8) and is currently revolutionizing the PCa
diagnostic pathway (9,10). According to recent studies, multipara-
metric MRI allows the detection of 12%–18% more clinically signif-
icant PCa and 5% less clinically insignificant PCa (9,10). However, the
detection of clinically significant PCa on multiparametric MRI is vari-
able and depends on several factors, including tumor volume, Gleason
score (GS), and location, and the interpretation of multiparametric
MRI is operator-dependent, yielding an obvious learning curve to
reach high diagnostic standards (11,12). All these factors cause ap-
proximately 12%–26% of clinically significant PCa to be missed (5,9).

68Ga-labeled molecular imaging with PET-targeted prostate-spe-
cific membrane antigen (68Ga-PSMA PET) is a relatively new nu-
clear imaging modality showing high sensitivity and specificity,
initially proposed to identify locations of recurrent PCa (13–16).
Recently, several studies have investigated the role of 68Ga-PSMA
PET/CT in a first-line diagnostic setting also (17–20), and some
have investigated the role of simultaneous PET/MRI in PCa de-
tection, concluding that it may further improve diagnostic accuracy
in terms of cancer detection and gross volume estimation (21–24).
Our aim was to assess whether the combination of multiparametric

MRI and 68Ga-PSMA PET/CT (PET/MRI) can improve the detection
rate of clinically significant PCa compared with multiparametric MRI
alone (MRI) or 68Ga-PSMA PET/CT alone (PET/CT) in a consec-
utive cohort of men who underwent subsequent surgical treatment.

MATERIALS AND METHODS

Patients

Between November 2017 and June 2018, we retrospectively included
54 consecutive patients who had undergone MRI and PET/CT for

suspected PCa and, subsequently, radical prostatectomy because of
histologically confirmed PCa. We excluded men who had not given
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written informed consent (n 5 3) or who had undergone previous

treatment (hormone therapy, n 5 3; transurethral resection of the
prostate, n 5 2) (Fig. 1). The reason for exclusion of patients with

hormone therapy (n 5 3) was that their pathologic results showed a
severe treatment response and GS could not be accurately assigned.

Finally, 54 patients were analyzed, with a median age of 69 y and a
median prostate-specific antigen level of 13.53 ng/mL. The study pro-

tocol was approved by the Ethics Committee of the Drum Tower
Hospital (approval 2017-147-01).

MRI Examination and Image Evaluation

All patients underwent pelvic MRI using an Achieva 3.0-T TX

scanner (Philips) with a 16-channel phased-array coil as described
previously (25). Transverse, coronal, and sagittal T2-weighted turbo

spin-echo images were acquired (18 slices 3 mm thick with an in-
tersection gap of 0.5 mm; repetition time, 3,744 ms; echo time, 120

ms; number of signal averages, 2; resolution, 1.49 · 1.51 mm). Also
acquired were diffusion-weighted spin-echo echo-planar images (18

slices 3 mm thick with an intersection gap of 1 mm; repetition time,
925 ms; echo time, 41 ms; number of signal averages, 1; resolution,

3 mm · 3 mm; b-factor, 0/800/1,500 s/mm2), as well as dynamic
contrast-enhanced T1-weighted high-resolution isotropic volume im-

ages with fat suppression after gadolinium injection (133 slices 3 mm
thick with no intersection gap; repetition time, 3.1 ms; echo time, 1.46

ms; number of signal averages, 1; resolution, 1.49 · 1.51 mm; dy-
namic scan time, 00:06.9). All MRI images were reviewed by a ded-

icated radiologist (over 10 y of prostate MRI experience), who was
masked to the MRI and pathologic results. Regions of interest (ROIs),

defined as regions with abnormal signal on MR images, were con-
toured and scored using version 2 of the prostate imaging reporting

and data system (PI-RADS) (26).

PET/CT Examination and Image Evaluation
68Ga-PSMA-11 was synthesized using an ITG semiautomated mod-

ule as described previously (27). One hour before scanning, all pa-

tients were intravenously injected with 68Ga-PSMA-11 (median,
131.72 MBq; range, 130.6–177.6 MBq). PET/CT was performed on

a uMI 780 PET/CT scanner (United Imaging Healthcare). A CT scan
(130 keV, 80 mAs) and a static emission scan, corrected for dead time,

scatter, and decay, were acquired from the vertex to the proximal legs.
PET/CT imaging was independently evaluated by a double-trained

board-certified nuclear medicine physician (over 10 y of PET/CT

experience), who was masked to the MRI and pathologic results. ROIs

on PET/CTwere defined as an area of uptake in the prostate gland higher
than background uptake. ROIs on PET/CT were scored by a molecular

imaging PSMA expression score (MI-ES) on a molecular imaging TNM
system (28). In brief, by comparison of the uptake level against index

organs, MI-ES was divided into a 4-point scale: 0, below blood pool; 1,
equal to or above blood pool and lower than liver; 2, equal to or above

liver and lower than parotid gland; 3, equal to or above parotid gland.

Whole-Mount Pathologic Evaluation

After robot-assisted radical prostatectomy, whole-mount tissue was
fixed in 10% formalin, paraffin-embedded, microtome-cut into 4- to 5-

mm slices, and stained with hematoxylin–eosin according to the Stan-
ford protocol (29). All whole-mount histology slides were subsequently

digitalized by a scanning system (NanoZoomer Digital Pathology). All
pathologic images were interpreted by a dedicated genitourinary pathol-

ogist (over 10 y of experience). To identify pathologic ROIs, each tumor
lesion was contoured and a corresponding GS was assigned. Tumor or

lesion volume was determined by multiplying the sum of the areas by
section thickness (3 mm) and by a 1.5 correction factor for tissue

shrinkage during processing, as performed by others (30). Clinically
significant PCa was defined as a cancer volume of at least 0.5 cm3, a GS

of at least 3 1 4, or a stage of at least pT3 (31,32).

Marking and Scoring of Lesions

MRI, PET/CT, and pathologic images at the same level of the
prostate were matched by a radiologist and genitourinary pathologist

according to slice number. ROIs were marked in blue. A lesion was
defined as an ROI marked on images obtained with any of the 3

modalities. The corresponding ROI was marked in red on images that
did not show this lesion (Fig. 2). Afterward, in a masked manner, all

lesions were scored using PI-RADS, MI-ES, and GS, and tumor vol-
ume was recorded (Fig. 1). For PET/MRI, a score was calculated using

PI-RADS plus MI-ES. As a result, a PI-RADS/MI-ES score could
reflect the possibility of clinically significant PCa not only by mor-

phology on MRI but also by PSMA expression status on PET/CT.

FIGURE 1. Study flowchart showing excluded patients, reason for ex-

clusion, and defined criteria for ROI. mpMRI 5 multiparametric MRI;

TURP 5 transurethral resection of the prostate.

FIGURE 2. Marking of lesions. (A) Example of one lesion that was

identified on all types of images (right blue ROI) and a second lesion

that was identified only on MRI (left blue ROI). Corresponding ROI for the

second lesion on PET/CT and pathology is marked in red. (B) Example of

a lesion that was identified only on PET/CT (blue ROI); corresponding

ROI on MRI and pathology is marked in red. (C) Example of a lesion

that was identified only on pathology (blue ROI); corresponding ROI on

PET/CT and MRI is marked in red. ADC 5 apparent diffusion coefficient

map; T2WI 5 T2-weighted MRI.
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Figure 3 shows an example of a lesion scored as PI-RADS 3 and MI-ES
2. Lesions on the final histologic specimen were considered the gold

standard to define presence or absence of significant or insignificant PCa.

Statistical Analysis

Diagnostic performance for clinically significant PCa on MRI,
PET/CT, and PET/MRI was assessed using area under the receiver-

operating-characteristic curve (AUC), and 95% confidence interval
(95% CI) was calculated as proposed by Obuchowski (33). Logistic

generalized-estimating-equation models were applied to estimate sen-
sitivity, specificity, and 95% CI (34–36). Differences in sensitivity and

specificity were analyzed using the McNemar test. A net reclassifica-
tion index (NRI) (37) was calculated for lesions, with the calculated

cutoff comparing MRI with PET/MRI. Briefly, NRI presents the net
percentage of lesions with the event of interest correctly classified

upward. A significance level of 5% was used. All analyses were per-
formed using SPSS software, version 22.0 (IBM Corp.).

RESULTS

Patient Characteristics and Imaging Findings

In total, 54 patients were included (Fig. 1). Table 1 shows their
characteristics. All patients underwent MRI first, followed by
prostate biopsy and PET/CT. The median intervals were 5 d (range,
3–9 d) between MRI and biopsy, 22 d (range, 14–34 d) between
biopsy and PET/CT, and 28 d (range, 23–39 d) between MRI and
PET/CT. Ninety lesions were identified and matched on MRI,
PET/CT, and pathology, among which 66 were proved to be clin-
ically significant PCa, with 6.1% (4/66) being GS 6, 62.1% (41/
66) GS 7, and 31.8% (21/66) GS 8 or higher.

Diagnostic Performance of MRI, PET/CT, and PET/MRI

AUC of PET/MRI Outperformed MRI and PET/CT. Figure 4 and
Table 2 show the AUC and 95% CI of each scan for performance
in diagnosing clinically significant PCa compared with the final

pathologic results. The AUC of PET/MRI showed an improvement
in diagnosis of clinically significant PCa over MRI alone (change
in AUC, 0.06; 95% CI, 0.01–0.12; P , 0.05) or PET/CT alone
(change in AUC, 0.09; 95% CI, 0.03–0.16; P , 0.05). No signif-
icant difference in AUC was seen between MRI and PET/CT
(change in AUC, 0.03; 95% CI, 20.08 to 0.14; P 5 0.59).
PET/MRI Had Higher Sensitivity Than MRI and Higher

Specificity Than PET/CT. The Youden-selected threshold, sensi-
tivity, and specificity of each type of imaging are listed in Table 2.

FIGURE 3. A 66-y-old patient with prostate-specific antigen level of

7.89 ng/mL. (A) Transverse T2-weighted MR image shows lesion with

noncircumscribed moderate hypointensity in peripheral zone and tran-

sition zone (arrow). (B) Diffusion-weighted imaging with b-factor of 1,500

shows moderately high signal at edge of peripheral zone and central

part of left transition zone (arrow). (C) Apparent-diffusion-coefficient

map shows linear moderate hypointensity in central part of right periph-

eral zone and left transition zone (arrow). All findings result in PI-RADS 3.

(D and E) PET shows intense focal uptake in peripheral zone and tran-

sition zone (arrow) that is higher than liver, resulting in MI-ES 2. (F)

Whole-mount histology proving that lesion seen on PET/CT is clinically

significant PCa with GS 4 1 5 5 9 and total tumor volume of 0.21 cm3.

TABLE 1
Baseline Features of Included Cases (n 5 54)

Characteristic Value

Age (y), median 69 (range, 55–84)

Tumor volume, median 1.02 (range, 0.03–20.50)

Initial PSA (ng/dL), median 13.53 (range, 4.04–110.00)

GS (n)

3 1 3 5 6 6 (11.1%)

3 1 4 5 7 13 (24.1%)

4 1 3 5 7 16 (29.6%)

4 1 4 5 8/5 1 3 5 8 9 (16.7%)

9–10 10 (18.5%)

pT stage (n)

2 17 (31.2%)

3a 25 (46.3%)

3b 12 (22.2%)

4 0 (0%)

PSA 5 prostate-specific antigen level.

FIGURE 4. Receiver-operating-characteristic analysis of MRI, PET/CT,

and PET/MRI for detection of clinically significant PCa. PI_MI 5 PI-

RADS/MI-ES.
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The cutoffs calculated by the Youden-selected threshold for MRI,
PET/CT, and PET/MRI for clinically significant PCa were a PI-
RADS of at least 4, an MI-ES of at least 2, and a PI-RADS/MI-ES
of at least 5, respectively. Diagnostic results corrected by the
actual pathologic results are listed in Table 3. With the calculated
cutoff, the sensitivities of MRI, PET/CT, and PET/MRI were 76%
(95% CI, 64–86), 89% (95% CI, 79–96), and 89% (95% CI, 79–
96), respectively, and the specificities were 88% (95% CI, 68–97),
71% (95% CI, 49–87), and 96% (95% CI, 79–100), respectively.
PET/MRI showed a higher sensitivity than MRI (95% CI for
difference, 5–22; P , 0.01), without sacrificing specificity (95%
CI for difference, 22 to 19; P . 0.05). With the calculated cutoff,
PET/MRI had a significantly positive NRI compared with MRI
(NRI, 21.9%; P , 0.01). Although PET/CT had a significantly
higher sensitivity than MRI (95% CI for difference, 4–23; P ,
0.01), a lower specificity was also observed (95% CI, 242 to 8;
P . 0.05), though without statistical significance. As a result, no
significant overall improvement was seen on PET/CT compared
with MRI (NRI, 23%; P 5 0.83). Notably, PET/MRI had a sig-
nificant improvement in specificity (95% CI, 4–46; P , 0.05)
compared with PET/CT.
PET/MRI Improved the Diagnostic Performance for PI-RADS 3

Lesions. To explore the degree to which the improved diagnostic
performance of PET/MRI affected lesions of varying PI-RADS on
MRI, we analyzed the NRI results (Table 4). There was a signif-
icant diagnostic improvement for lesions classified as PI-RADS 3
on MRI (NRI, 66.7%; P , 0.05) but not for lesions classified as
PI-RADS 2 (NRI, 25%; P 5 0.32), PI-RADS 4 (NRI, 66.7%; P 5
0.16), PI-RADS 1 (NRI, 0), or PI-RADS 5 (NRI, 0). Supplemental
Table 1 shows the influence of PET/MRI on false-positivity and

false-negativity in the various PI-RADS groups (supplemental
materials are available at http://jnm.snmjournals.org). PET/MRI
reduced the false-negative rate, compared with MRI, in the PI-
RADS 2 group (30% vs. 36.4%) and the PI-RADS 3 group (40%
vs. 66.7%) and reduced the false-positive rate in the PI-RADS 4
group (3.4% vs. 9.7%).

DISCUSSION

To our knowledge, this was the first lesion-by-lesion study in-
dicating that PET/MRI improves the detection of clinically signif-
icant PCa over MRI or PET/CT alone. Furthermore, we found that
this improvement was due mainly to improved detection of lesions
that were scored as PI-RADS 3 on MRI. Compared with MRI
alone, additional PET/CT scanning can thus prevent a clinically
significant PCa diagnosis from being missed and can allow for early
and correct diagnosis of tumors requiring active treatment.
Level 1 evidence recently proved MRI to improve the diagnosis

of clinically significant PCa and to decrease unnecessary biopsies
and diagnosis of insignificant PCa (9,10). Notably, compared with
systematic transrectal ultrasound biopsy, MRI detected 18% more
cases of clinically significant PCa in the PROMIS study (9) and
12% more in the PRECISION study (10). Using MRI to triage
men might allow 27% of patients to avoid a primary biopsy and
might reduce diagnosis of clinically insignificant cancers by 5%
(9). However, a metaanalysis (38) showed that the accuracy of
MRI for detection of clinically significant PCa varies widely be-
tween studies (44%–87%). The same underestimation of clinically
significant PCa was also observed in our study. With a PI-RADS
cutoff of 4 or more, MRI missed 24.2% of the clinically significant
PCa. In our study, 66.7% of PI-RADS 3 lesions represented clin-
ically significant PCa. The possibility of missing the diagnosis of
clinically significant PCa in some patients with PI-RADS 3 lesions
may contribute to the dilemma of whether patients with PI-RADS
3 lesions should undergo prostate biopsy and may lead to sub-
stantial patient mismanagement.
Because application of molecularly targeted imaging can pro-

vide functional and molecular information, it is expected that the
combination of MRI and PET/CT would improve PCa detection.
Eiber et al. found PET/MRI and PET/CT to be more sensitive than
MRI in overall cancer detection (98% and 92%, respectively, vs.
66%) (21). More recently, Hicks et al. reported PET/MRI to be
more sensitive than MRI (23), and Park et al. reported a 100%
detection rate for PCa on a patient basis (24). Similarly, our results
showed diagnostic improvement in the detection of clinically sig-
nificant PCa by PET/MRI over MRI alone (change in AUC, 0.06).
For a PI-RADS/MI-ES cutoff of at least 5 and an MI-ES cutoff of
at least 2, PET/MRI and PET/CTwere more sensitive than MRI in

TABLE 2
Diagnostic Accuracy for Clinically Significant PCa Using MRI, PET/CT, and PET/MRI Compared with Pathologic Results

Modality AUC Youden-selected threshold Sensitivity (%) at threshold Specificity (%) at threshold

MRI 0.90 (95% CI, 0.81–0.95)* 4 76 (95% CI, 64–86)*† 88 (95% CI, 68–97)

PET/CT 0.87 (95% CI, 0.78–0.93)‡ 2 89 (95% CI, 79–96)† 71 (95% CI, 49–87)‡

PET/MRI 0.96 (95% CI, 0.90–0.99)*‡ 5 89 (95% CI, 79–96)* 96 (95% CI, 79–100)‡

*MRI vs. PET/MRI, P , 0.05.
†MRI vs. PET/CT, P , 0.05.
‡PET/CT vs. PET/MRI, P , 0.05.

TABLE 3
Diagnostic Results of MRI, PET/CT, and PET/MRI on
All Lesions with Calculated Cutoff: Classification by

Final Pathologic Results

Modality

Clinically
significant PCa

Non–clinically
significant PCa*

Positive Negative Positive Negative

MRI 50 16 3 21

PET/CT 59 7 7 17

PET/MRI 59 7 1 23

*Both normal prostate tissue and clinically insignificant PCa.
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diagnosing clinically significant PCa (89% and 89%, respectively,
vs. 76%). The high sensitivity of PET/CT contributes to the im-
provement of PET/MRI in detecting clinically significant PCa.
68Ga-PSMA PET/CT has proven to have high sensitivity in the
biochemical recurrence setting (even with a low prostate-specific
antigen level (15)) and high accuracy in detecting primary tumor
(AUC, 0.83 (21)). Nonetheless, our study found that PET/CT alone
suffered from low specificity (71%), causing a 29.2% overdiag-
nosis of clinically insignificant PCa. As a result, despite the higher
sensitivity of PET/CT, it showed no significant overall improve-
ment in detection of clinically significant PCa (NRI, 23%; P .
0.84), compared with MRI. However, PET/MRI had a higher
specificity than PET/CT. Compared with MRI alone, PET/MRI
was more sensitive in detecting clinically significant PCa, without
sacrificing specificity, resulting in a significant diagnostic improve-
ment of NRI 21.9%.
Despite the improved detection of clinically significant PCa

found for PET/MRI, the use of 68Ga-PSMA for PET/CT remains
expensive and not routinely available. It is helpful to identify the
specific population who might benefit from the combination. In
this study, we found that NRI was significant for the PI-RADS 3
group (NRI, 66.7%) and, thus, that the improved detection with
PET/MRI occurred for lesions classified as PI-RADS 3. The
guidelines for PI-RADS, version 2, say that biopsy may be appro-
priate for patients with PI-RADS 2 or 3 lesions, depending on
factors (e.g., high prostate-specific antigen level, family history)
other than MRI results alone (26). Our study showed that addi-
tional PET/CT in patients with moderate MRI results (PI-RADS 3)
might be helpful in making a decision about prostate biopsy. In a
patient who has 68Ga-PSMA uptake higher than the level in the
liver (MI-ES $ 2), PI RADS 3 lesions might represent clinically
significant PCa. As an illustration of the possibility that clinically
significant PCa might be missed on MRI, one case report showed
that the use of 68Ga-PSMA PET/CT in a patient negative for PCa
on MRI allowed for detection and targeted biopsy of the disease
(17). However, our study found that for patients with negative MRI
findings (PI-RADS 1 or 2), additional PET/CT scanning was of
limited value. Because PET/CT has relatively low specificity in
the detection of clinically significant PCa, basing a biopsy decision
on negative MRI findings (PI-RADS 1 or 2) but positive PET/CT
findings might contribute to unnecessary use of prostate biopsy.
Our study had some limitations. First, we used the final path-

ologic results as a reference standard. Hence, a selection bias
likely occurred because all included men already had proven
clinically significant PCa and no patients with negative findings or
at low risk were included. Nonetheless, the radical prostatectomy
specimen is the most accurate final arbiter to determine presence
or absence of PCa in a per-lesion analysis. Furthermore, our work
is among the first to address the diagnostic potential of PET/MRI.
Second, although we included every lesion seen on all images

whether suspected of representing tumor or not, the number of true-
negative lesions might not have been large enough because the
overall study sample was limited. Third, the fact that the evaluation
on PET/CT was a semiquantification but did not include features
such as lesion shape or location may account for the low specificity
of PET/CT alone. PET/MRI has shown strength in PCa detection,
and whether PET/MRI can be applied as a first-line diagnostic tool
for all suspected PCa now needs further evaluation.

CONCLUSION

Our study showed that PET/MRI can improve the detection of
clinically significant PCa in patients with moderate MRI results.
These findings may help in decision making regarding patients
with moderate MRI results, to avoid the missing of clinically sig-
nificant PCa. Further prospective studies are warranted to confirm
our findings.
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