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Background: Multiparametric magnetic resonance imaging (mpMRI) is gaining widespread acceptance in prostate cancer (PC) diagnosis and improves significant PC (sPC;
Gleason score  3 + 4) detection. Decision making based on European Randomised
Study of Screening for PC (ERSPC) risk-calculator (RC) parameters may overcome
prostate-specific antigen (PSA) limitations.
Objective: We added pre-biopsy mpMRI to ERSPC-RC parameters and developed risk
models (RMs) to predict individual sPC risk for biopsy-naı̈ve men and men after previous
biopsy.
Design, setting, and participants: We retrospectively analyzed clinical parameters of
1159 men who underwent mpMRI prior to MRI/transrectal ultrasound fusion biopsy
between 2012 and 2015.
Outcome measurements and statistical analysis: Multivariate regression analyses were
used to determine signiﬁcant sPC predictors for RM development. The prediction
performance was compared with ERSPC-RCs, RCs reﬁtted on our cohort, Prostate
Imaging Reporting and Data System (PI-RADS) v1.0, and ERSPC-RC plus PI-RADSv1.0
using receiver-operating characteristics (ROCs). Discrimination and calibration of the
RM, as well as net decision and reduction curve analyses were evaluated based on
resampling methods.
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Results and limitations: PSA, prostate volume, digital-rectal examination, and PI-RADS
were signiﬁcant sPC predictors and included in the RMs together with age. The ROC area
under the curve of the RM for biopsy-naı̈ve men was comparable with ERSPC-RC3 plus PIRADSv1.0 (0.83 vs 0.84) but larger compared with ERSPC-RC3 (0.81), reﬁtted RC3 (0.80), and
PI-RADS (0.76). For postbiopsy men, the novel RM’s discrimination (0.81) was higher,
compared with PI-RADS (0.78), ERSPC-RC4 (0.66), reﬁtted RC4 (0.76), and ERSPC-RC4 plus
PI-RADSv1.0 (0.78). Both RM beneﬁts exceeded those of ERSPC-RCs and PI-RADS in the
decision regarding which patient to receive biopsy and enabled the highest reduction rate of
unnecessary biopsies. Limitations include a monocentric design and a lack of PI-RADSv2.0.
Conclusions: The novel RMs, incorporating clinical parameters and PI-RADS, performed
signiﬁcantly better compared with RMs without PI-RADS and provided measurable beneﬁt
in making the decision to biopsy men at a suspicion of PC. For biopsy-naı̈ve patients, both
our RM and ERSPC-RC3 plus PI-RADSv1.0 exceeded the prediction performance compared
with clinical parameters alone.
Patient summary: Combined risk models including clinical and imaging parameters predict clinically relevant prostate cancer signiﬁcantly better than clinical risk calculators and
multiparametric magnetic resonance imaging alone. The risk models demonstrate a beneﬁt
in making a decision about which patient needs a biopsy and concurrently help avoid
unnecessary biopsies.
# 2017 European Association of Urology. Published by Elsevier B.V. All rights reserved.

1.

Introduction

2015. Institutional review board approval was obtained (S011/2011),
and all participants provided written informed consent. Subgroups were

Prostate-specific antigen (PSA) screening leads to increased
prostate cancer (PC) detection and a shift from advanced to
earlier disease stages [1,2]. However, PSA testing lacks
specificity, resulting in unnecessary biopsies [3]. Simultaneously, random transrectal ultrasound (TRUS)-guided
biopsy suffers from poor sampling, leading to underdetection of PC in approximately 50% of cases compared
with radical prostatectomy (RP) specimen and transperineal mapping biopsy [4,5]. Currently, the most promising
candidate to overcome these limitations is multiparametric
magnetic resonance imaging (mpMRI) using a standardized
reporting system (Prostate Imaging Reporting and Data
System [PI-RADS]) [6,7]. Compared with RP specimens,
mpMRI detects 85–95% of index lesions and significant PC
(sPC) [8,9]. Fusion-targeted biopsies (FTBs) of suspicious
mpMRI lesions improve the detection of sPC by 30% [10].
To identify men with sPC and concurrently to avoid
unnecessary biopsies, multivariable risk-based approaches
have been introduced [2,3,11]. Using risk calculators (RCs)
built on European Randomized Study of Screening for PC
(ERSPC) data, Roobol et al[2_TD$IF] demonstrated that 33% of standard
biopsies can be avoided in men who are at risk of PC below
[8_TD$IF]12.5% [3]. However, recent RCs do not include mpMRI data.
FTB of mpMRI-suspicious lesions alone is a promising
strategy to reduce overdetection of insignificant disease,
but MRI-invisible sPC is overlooked by such an approach
[10,12–14]. Here, we added prebiopsy mpMRI to clinical
parameters and developed risk models (RMs) to determine
individual sPC risk using a validated biopsy approach
combining FTBs and transperineal systematic saturation
biopsies (SBs) as reference [8].

reported previously [8,15].
The study population consisted of 1159 retrospectively analyzed
patients. Inclusion criteria were mpMRI with PI-RADS scoring and fusion
biopsy at our department. In total, the sample consists of 670 (58%)
biopsy-naı̈ve men and 489 (42%) men with previous TRUS biopsy. A total
of 129 men under active surveillance and 15 men who had missing data
were excluded (Supplementary Fig. 1). For 660 biopsy-naı̈ve men and
355 men with previous TRUS biopsy, full data on PI-RADS, biopsyoutcome, PSA, age, digital-rectal examination (DRE), prostate volume (PV),
prior biopsy, lesions on TRUS, and ERSPC-RCs were available. Those
samples served for RM development, internal validation, and comparisons
with ERSPC-RCs, PI-RADSv1.0, and combined ERSPC-RCs and PI-RADSv1.0.

2.2.

Imaging

All mpMRI examinations were performed using a 3 T system (Magnetom;
Siemens, Erlangen, Germany) using a multichannel-body-surface coil
(Supplementary Table 1). All image analyses were prospectively performed
according to PI-RADSv1.0 by or under the supervision of expert
uroradiologists (H.P.S., D.B., and M.C.R., with 7–12 yr experience in prostate
MRI) [6]. Overall, PI-RADS scores for each lesion were determined on a ﬁvepoint Likert scale and entailed assignment of a separate score for each of the
T2-weighted, DW, and dynamic contrast-enhanced imaging sequences
[6]. PV was calculated on T2-weighted images (www.itksnap.org).

2.3.

Biopsy protocol

All men underwent transperineal FTB with rigid software registration
using BiopSee (MedCom, Darmstadt, Germany) of MRI-suspicious
lesions ﬁrst (2–5 cores, median 2 per lesion) and then SB adjusted to
PV (median 24 cores), as previously described [8,15]. Transperineal griddirected biopsy performed under general anesthesia is our standard
technique, the sPC-detection accuracy of which has been validated using
RP specimens [8].

2.

Patients and methods

2.4.

2.1.

Study population

Histopathological analyses were performed under the supervision of a

Histopathology

uropathologist (W.R.) specialized in prostate assessment according to
Consecutive patients were enrolled and registered into a prospective

International Society of Urological Pathology standards. sPC was deﬁned

database assessing MRI-targeted/TRUS fusion biopsy between 2012 and

as Gleason score (GS)  3 + 4.
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Assessment of ERSPC-RCs

provided negligible additional information, we excluded it in the models.
Assessment of linearity assumptions of included effect estimates

The ERSPC-RCs (www.prostatecancer-riskcalculator.com) are prediction

showed that a log transformation of PSA provides an improved ﬁt. This

models based on the data of men in the ERSPC Rotterdam [16]. ERSPC-RC3

captures that the effect of PSA levels is off for large PSA values.

uses TRUS lesions (focal hypoechoic lesions), DRE, TRUS-measured PV,
and PSA. RC4 uses all parameters from RC3 with the addition of a

2.6.

Statistical analysis

previously performed biopsy. RC3 calculates the risk of ﬁnding any
higher-grade (GS  3 + 4) and/or locally advanced (T stage  T2c) PC in a

Patient demographics, MRI, and biopsy results were analyzed descrip-

conventional random biopsy for men who have never been screened and

tively, according to Standards of Reporting for MRI-targeted Biopsy

RC4 for men who have been screened by PSA, but had either no biopsy or

Studies recommendations (Table 1) [17].

one negative biopsy [3,16]. In our cohort, all men in the RC4 analyses

First, we performed a multivariate logistic regression analysis to

underwent previous biopsy. We retrospectively analyzed both RCs on our

predict the presence of sPC on biopsy. Similar to the ERSPC-RCs, we

entire cohort. ERSPC-RC analyses were calculated manually per single

calculated odd ratios for biopsy-naı̈ve and previously biopsied men

patient using the original online RCs. These ERSPC-RCs were also used to

(Table 2). Regression-based coefﬁcients were used for RM development

combine ERSPC and PI-RADSv1.0 (ERSPC-R3/4 + mpMRI PI-RADSv1.0).

(Fig. 1 and Supplementary material).

In addition, we constructed clinical RMs by reﬁtting the ERSPC

Discrimination of ERSPC-RC3/4, reﬁtted RCs, PI-RADS, ERSPC-RC3/

parameters to our data for biopsy-naı̈ve (RC3 reﬁtted) and previously

4 + PI-RADSv1.0, and the novel RMs for sPC was compared using

biopsied patients (RC4 reﬁtted). Although this parameter is not part of

receiver-operating-characteristic (ROC) area under the curve (AUC)

the published ERSPC RCs, for completeness all our RMs included age,

analysis with internal validation by bootstrapping with 1000 iterations.

which is a signiﬁcant sPC predictor if we analyze the combined RM

Statistical differences between predictive models were analyzed using

cohort of 1015 men (p = 0.004). Suspicious TRUS was highly collinear

the likelihood ratio (LR) test.

with DRE and, including it, led to inﬂation of corresponding standard

The extent of over- or underestimation of predicted probabilities

errors and instability of effect estimates. Thus, since suspicious TRUS

relative to observed probabilities of sPC was explored graphically using

Table 1 – Patient demographics including baseline clinical parameters, MRI, and MRI/TRUS fusion biopsy results according to START criteria
Study population and results according to START criteria
Men included in analysis, n
Median age, yr (IQR)
Median prebiopsy PSA level (IQR), ng/ml
Suspicious DRE ﬁndings (T2), n (%)
Median prostate volume (IQR), ml
Median PSA density (IQR)
Men without previous biopsy sessions, n (%)
Men with previous biopsy sessions, n (%)
Median number of cores in prior biopsy (IQR)
Overall previous negative TRUS-guided biopsy sessions in 489 patients, n
Median number of cores in prior biopsy (IQR)
Median days from mpMRI to biopsy (IQR)
Men with PI-RADS  2 lesions on mpMRI, n (%)
Number of lesions PI-RADS  2
Patients with one PI-RADS  2 lesion
Patients with >1 PI-RADS  2 lesions
Number of lesions 2 in primary biopsy
Number of lesions 2 in repeat biopsy
Overall PI-RADS score 2 lesions, n (% of PI-RADS  2)
Overall PI-RADS score 3 lesions, n (% of PI-RADS  2)
Overall PI-RADS score 4 lesions, n (% of PI-RADS  2)
Overall PI-RADS score 5 lesions, n (% of PI-RADS  2)
Biopsies per patient, median (IQR)
Systematic biopsies per patient, median (IQR)
FTB per patient and per lesion, median (IQR)
Overall detection rate of prostate cancer, n (%)
Detection rate of prostate cancer in primary biopsy, n (%)
Detection rate of prostate cancer in repeat-biopsy, n (%)
Men with signiﬁcant prostate cancer, n (% of all men)
Nonsigniﬁcant prostate cancers in systematic 24-core transperineal biopsy alone, n (% of all nonsigniﬁcant prostate cancers)
Nonsigniﬁcant prostate cancers in FTB alone, n (% of all nonsigniﬁcant prostate cancers)
Signiﬁcant prostate cancers in systematic 24-core transperineal biopsy alone, n (% of all signiﬁcant prostate cancers)
Signiﬁcant prostate cancers in FTB alone, n (% of all signiﬁcant prostate cancers)
Proportion of cores positive for clinical signiﬁcant prostate cancer in systematic biopsies
Proportion of cores positive for clinical signiﬁcant prostate cancer in FTB
Mean number of cores taken for one diagnosis of signiﬁcant prostate cancer from systematic biopsies
Mean number of cores taken for one diagnosis of signiﬁcant prostate cancer from targeted biopsies

1159
65 (60–71)
7.3 (5.4–10.6)
267 (23)
45 (33–64)
0.16 (0.10–0.30)
670 (58)
489 (42)
12 (10–14)
522
12 (10–14)
1 (1–2)
863 (75)
1096
733
130
574
522
162 (15)
367 (33)
346 (32)
221 (20)
27 (24–29)
24 (22–25)
3 (2–5), 2 (1–3)
732 (63)
417 (62)
315 (64)
489 (42)
72 (31)
20 (10)
47 (9)
62 (13)
2445/24 728
1052/3562
11
3

n = number;
IQR = interquartile
range;
PSA = prostate-speciﬁc
antigen;
DRE = digital
rectal
examination;
TRUS = transrectal
ultrasound;
mpMRI = multiparametric magnetic resonance imaging; MRI = magnetic resonance imaging; PI-RADS = Prostate Imaging Reporting and Data System;
FTB = fusion targeted biopsy; START = Standards of Reporting for MRI-targeted Biopsy Studies.
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Table 2 – Multivariate logistic regression model analysis for the prediction of significant PC for biopsy-naı̈ve men and men after previous
biopsy
Parameter

Odds ratio

Multivariate logistic regression model analysis for the prediction of signiﬁcant PC for biopsy-naı̈ve men
mpMRI PI-RADS score
mpMRI PI-RADS Likert score 2:mpMRI PI-RADS Likert score 1
0.86
mpMRI PI-RADS Likert score 3:mpMRI PI-RADS Likert score 1
1.87
mpMRI PI-RADS Likert score 4:mpMRI PI-RADS Likert score 1
4.63
mpMRI PI-RADS Likert score 5:mpMRI PI-RADS Likert score 1
8.01
PSA (interquartile OR, PSA 11 vs PSA 5.5)
2.08
Prostate volume (per 10 ml)
0.81
Digital rectal examination (<cT2 vs cT2)
4.09
Age (per 5 yr)
1.09
Multivariate logistic regression model analysis for the prediction of signiﬁcant PC for men after previous biopsy
mpMRI PI-RADS score
mpMRI PI-RADS Likert score 2:mpMRI PI-RADS Likert score 1
1.35
mpMRI PI-RADS Likert score 3:mpMRI PI-RADS Likert score 1
3.31
mpMRI PI-RADS Likert score 4:mpMRI PI-RADS Likert score 1
6.31
mpMRI PI-RADS Likert score 5:mpMRI PI-RADS Likert score 1
22.06
PSA (interquartile OR, PSA 11 vs PSA 5.5)
1.46
Prostate volume (per 10 ml)
0.82
Digital rectal examination (<cT2 vs cT2)
2.04
Age (per 5 yr)
1.19

95% CI

p value

<0.001
0.42–1.19
1.07–3.29
2.67–8.05
4.10–15.69
1.65–2.63
0.75–0.88
2.60–6.43
0.96–1.24

<0.001
<0.001
<0.001
0.17
<0.001

0.44–4.11
1.52–7.24
2.80–14.22
8.13–59.87
1.12–1.92
0.74–0.91
1.09–3.82
0.99–1.43

0.006
<0.001
0.03
0.07

CI = conﬁdence interval; mpMRI = multiparametric magnetic resonance imaging; PI-RADS = Prostate Imaging Reporting and Data System; PSA = prostatespeciﬁc antigen; OR = odds ratio; PC = prostate cancer.

calibration plots, which were internally validated using bootstrapping

validation [18]. To quantify potential reduction of unnecessary

with 1000 iterations.

biopsies, as well as potential overdiagnosis, we calculated true and

Last, we assessed the performance of novel RMs not only for

false positive rates (TPR and FPR, respectively), and positive and

discrimination, but also for its clinical usefulness by using decision and

negative predictive values (PPV and NPV, respectively) at exemplary

net reduction curves based on 100-times repeated 10-fold cross

probability thresholds.

[(Fig._1)TD$IG]

Fig. 1 – Risk model to predict sPC including mpMRI PI-RADS, PSA, age, prostate volume and DRE for (A) biopsy-naı̈ve men and (B) men after previous
biopsy. The regression equations are as follows. For the risk model for biopsy-naı̈ve men:


pi
log
¼ 2:206 þ 1:056 logðPSAi Þ0:021 volumei þ 0:018 agei þ 1:407 IðDREi  cT2Þ0:156 IðPIRADS i ¼ 2Þ þ 0:627 IðPIRADS i ¼ 3Þ þ 1:533 IðPIRADS i ¼ 4Þ
1pi
þ 2:081 IðPIRADS i ¼ 5Þ
where pi is the (conditional) probability of significant PC for patient i given values of the covariates, volume is the prostate volume per 10 ml, and age
is the patient’s age per 5 yr. I(DREi I cT2) denotes the dummy variable that is 1 if the digital rectal examination value is IcT2 (suspicious) and
0 otherwise. I(PIRADSi = j) denotes the dummy variable that is 1 if PIRADSi = j for j = 2,..., 5 (reference category PI-RADS = 1). For the risk model for men
after previous biopsy:


pi
log
¼ 3:623 þ 0:550logðPSAi Þ0:020 volumei þ 0:034 agei þ 0:712 IðDREi  cT2Þ þ 0:299 IðPIRADS i ¼ 2Þ þ 1:198 IðPIRADS i ¼ 3Þ þ 1:841 IðPIRADS i ¼ 4Þ
1pi
þ 3:094 IðPIRADS i ¼ 5Þ
DRE = digital-rectal examination; mpMRI = multiparametric magnetic resonance imaging; PC = prostate cancer; PI-RADS = Prostate Imaging Reporting
and Data System; PSA = prostate-specific antigen; sPC = significant prostate cancer.
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[(Fig._2)TD$IG]

Fig. 2 – ROC curve analysis for the performance of mpMRI PI-RADSv1.0 (yellow line), ERSPC-RC3/4 (green line), refitted RC3/4 (pink line), ERSPC-RC3/
4 + mpMRI PI-RADSv1.0 (blue line), and novel risk model (orange line) to predict sPC for (A) biopsy-naı̈ve and (B) postbiopsy men. AUCs are given in
Table 3. AUC = area under the curve; ERSPC = European Randomised Study of Screening for Prostate Cancer; mpMRI = multiparametric magnetic
resonance imaging; PI-RADS = Prostate Imaging Reporting and Data System; RC = risk calculator; sPC = significant prostate cancer.

All tests performed were two sided, with a signiﬁcance level of 5%.
Statistical analyses were performed using R version 3.3.0 (packages
ModelGood and rms; R Foundation for Statistical Computing, Vienna,
Austria) [19,20]. Decision curve analysis (DCA) was performed utilizing
the DCA package [18]. Reporting followed Standards of Reporting of

(0.84). In men with previous biopsy, the discrimination of
the RM (0.81) was superior to that of ERSPC-RC4 (0.66),
refitted ERSPC-RC4 (0.76), PI-RADSv1.0 (0.78), and ERSPCRC4 + PI-RADSv1.0 (0.78). LR test results also showed that

Diagnostic Accuracy (Supplementary Table 2) [21].

3.

Results

In total, 1159 men underwent mpMRI and subsequent
fusion biopsy during the inclusion period. Patient demographics, MRI, and biopsy data are given in Table 1. sPC was
detected in 489 men (42%).
For RM development and validation, men under active
surveillance and those with missing data were excluded
(Supplementary Fig. 1). Prior TRUS biopsy and age were
significant predictors of sPC in the combined RM cohort of
1015 men (p = 0.006 and p = 0.004, respectively). We
accounted for differences in predicted risks of sPC with
respect to prior TRUS biopsy by developing one RM for
biopsy-naı̈ve men and one for men after previous biopsy,
and included age in both RMs (and refitted ERSPCs). In the
multivariate logistic regression analysis to predict sPC for
biopsy-naı̈ve patients, logPSA (p < 0.001), PV (p < 0.001),
DRE (p < 0.001), and PI-RADSv1.0 (p < 0.001) contributed
significantly to the model (Table 2 and Fig. 1A). For
previously biopsied men, PI-RADSv1.0 (p < 0.001), logPSA
(p = 0.006), PV (p < 0.001), and DRE (p = 0.03) were included
in the RM (Table 2 and Fig. 1B).
The novel RMs were internally validated by bootstrapping. The discrimination of the RMs was compared with
ERSPC-RC3/4, refitted RCs, PI-RADSv1.0, and ERSPC-RC3/4
combined with mpMRI using ROC analyses (Fig. 2 and
Table 3). For biopsy-naı̈ve men, the RM reached a higher
AUC (0.83), compared with ERSPC-RC3 (0.81), refitted RC3
(0.80), and PI-RADSv1.0 (0.76; Fig. 2A and Table 3). The RM
AUC was comparable with that of ERSPC-RC3 + PI-RADSv1.0

Table 3 – AUC of ROC curve analysis for the performance of mpMRI
PI-RADS, ERSPC-RC3, ERSPC-RC4, refitted ERSPC-RCs, combination
of ERSPC-RC3/4 and mpMRI PI-RADSv1.0, and novel RMs to predict
sPC for biopsy-naı̈ve men and men after previous biopsy, and
likelihood ratio tests for model comparison
Parameter
Subset of biopsy-naı¨ve men (n = 660 available for
RM development)
Risk model
ERSPC-RC3
ERSPC-RC3 reﬁtted
ERSPC-RC3 plus mpMRI PI-RADSv1.0
mpMRI PI-RADSv1.0
Subset of men with previous biopsy sessions
(n = 355 available for RM development)
Risk model
ERSPC-RC4
ERSPC-RC4 reﬁtted
ERSPC-RC4 plus mpMRI PI-RADSv1.0
mpMRI PI-RADSv1.0
Comparison of models for biopsy-naive men using LR test
Risk model versus ERSPC-RC3 reﬁtted
Risk model versus mpMRI PI-RADSv1.0
Comparison of models for men after previous biopsy
using LR test
Risk model versus ERSPC-RC4 reﬁtted
Risk model versus mpMRI PI-RADSv1.0

AUC in ROC
curve analysis
0.83
0.81
0.80
0.84
0.76
AUC in ROC
curve analysis
0.81
0.66
0.76
0.78
0.78
p value
<0.001
<0.001
p value
<0.001
<0.001

ROC = receiver operating characteristics; AUC = area under the curve;
ERSPC = European Randomised Study of Screening for Prostate Cancer;
RC = risk calculator; RM = risk model; LR = likelihood ratio; mpMRI =
multiparametric magnetic resonance imaging; PI-RADS = Prostate Imaging
Reporting and Data System; sPC = signiﬁcant prostate cancer.
Note that the LR test is only deﬁned for nested models. Thus, no LR test can be
given to compare the risk models with original ERSPCs or with original risk
models and additional mpMRI PI-RADSv1.0.
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Fig. 3 – Calibration plots for the risk models to predict sPC. (A) Calibration plot for biopsy-naı̈ve men. (B) Calibration plot for postbiopsy men.
sPC = significant prostate cancer.

both RMs performed significantly better compared with
refitted ERSPCs and PI-RADS alone (Table 3). Bootstrapped
calibration plots of the RMs (Fig. 3A and 3B) demonstrate
that there are no untoward deviations of predicted risk from
observed risk of sPC over the entire range.
In bootstrapped DCA for both biopsy-naı̈ve and postbiopsy men, the RMs had a higher net benefit in terms of
accurately detecting patients with sPC, compared with PIRADS and the original and refitted ERSPC-RCs (Fig. 4A and
C). The RMs showed a benefit for sPC threshold probabilities
larger than 10%. Net reduction curves, which show the
potential to reduce unnecessary biopsies (Fig. 4B and D),
demonstrate that the RMs had excellent reduction rates of
unnecessary biopsies. ERSPC-RC3 + PI-RADSv1.0 had a
similar net benefit and reduction to the RM. Detailed TPR,
FPR, PPVs, and NPVs at exemplary probability cutoffs after
bootstrapping are given in Supplementary Table 3.
4.

Discussion

Risk-based patient selection instead of PSA- or DRE-driven
indication for prostate biopsy can reduce unnecessary
biopsies by approximately 30% [3,22]. Furthermore, the
ERSPC-RCs have been externally validated with comparable
discrimination results [23]. Alberts et al[3_TD$IF] recently adopted
the ERSPC-RC on an MRI-targeted biopsy cohort[9_TD$IF] [24]. They
found that despite a systematic underestimation of PC risk,
the RC biopsy advice performed well. Thus, we tested
ERSPC-RC predictors on our large MRI/TRUS fusion cohort
and hypothesized further improvement by combination
with mpMRI [8]. However, our approach was different from
that of Alberts et al[3_TD$IF], who used the RC as an upfront test to
avoid unnecessary MRI and biopsy[10_TD$IF] [24]. We aimed to
optimize noninvasive sPC-risk prediction by combining
mpMRI and clinical parameters. Our results show that the
novel models provide a statistically significant improvement in the discrimination of men with a suspicion of PC.

ERSPC-RCs already showed a good prediction performance for sPC detection in our cohort. However, the
prediction performance was inferior to that of Alberts et al
[24] (AUC 0.84) and the original cohorts (AUC 0.86 for RC3
and 0.80 for RC4) [16]. To the best of our knowledge, the RCs
have not yet been validated in a cohort of men who
underwent mpMRI followed by transperineal SB and FTB as
a reference test [8,15]. Recently, Poyet et al[4_TD$IF] showed that the
prediction performance of RCs calibrated on sextant
biopsies decreases with an increasing number of biopsy
cores[1_TD$IF] [25]. This is confirmed in our study. In addition, the
relatively poor prediction performance of the original
ERSPC-RC4 in our postbiopsy cohort (AUC 0.66) is most
likely explained by including only men with a prior biopsy,
instead of including also men prescreened with PSA testing
alone. To attenuate these differences, clinical parameter
models, using the same parameters as the ERSPC-RCs
(adjusted for age and replacing linear PSA by logPSA), were
constructed and used as refitted ERSPC-RCs in our cohort.
However, as hypothesized, these models remained inferior
to approaches that combine clinical parameters with
imaging (our RMs and ERSPC-RC3 + PI-RADSv1.0).
The predictors within the novel RMs are known and
reproducible contributors. Improvement of risk stratification
by adding DRE to PSA has been demonstrated [16]. Similarly,
the importance of PV in risk prediction has been analyzed in
a multicenter study, but is decreased in our cohort, since the
number of SB cores was adjusted to PV [11]. Besides
potential harms driven by a lack of specificity, PSA-based
screening has shown increased detection of aggressive PC
and reduction of PC mortality [2]. Thus, the contribution of
PSA in our RM is congruent with ERSPC results. Similarly, a
prior TRUS biopsy was also significant in our dataset despite
the stringent reference test.
The accuracy of mpMRI for sPC detection in our cohort is
consistent with a recent validation study using PI-RADSv1.0
[26]. Regarding the predictive ability of mpMRI, [12_TD$IF]Meng et al
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Fig. 4 – Net decision curve analyses demonstrating the benefit for predicting sPC on biopsy: (A) for biopsy-naı̈ve men and (C) for men after previous
biopsy. The turquoise line is the net benefit of providing all patients with MRI/TRUS fusion biopsy, and the horizontal black line is the net benefit of
providing no patients with biopsy. The net benefit provided by each prediction tool is given (green line for ERSPC-RCs, pink line for refitted ERSPCRCs, yellow line for mpMRI Likert PI-RADS, blue line for ERSPC-RC3/4 + mpMRI PI-RADSv1.0, and orange line for the RMs). The net reduction analyses
demonstrate in how many patients a biopsy could be avoided without missing any sPC, based on the decision derived from the RMs (orange lines),
ERSPC-RCs (green lines), refitted ERSPC-RCs (pink lines), mpMRI PI-RADS (yellow lines), and ERSPC-RC3/4 + mpMRI PI-RADSv1.0 (blue lines) in (B) in
biopsy-naı̈ve and (D) postbiopsy men. ERSPC = European Randomised Study of Screening for Prostate Cancer; mpMRI = multiparametric magnetic
resonance imaging; MRI = magnetic resonance imaging; PI-RADS = Prostate Imaging Reporting and Data System; RC = risk calculator; RM = risk model;
sPC = significant prostate cancer; TRUS = transrectal ultrasound.

[13] described a positive trend of increasing MRI suspicion
(analogous to PI-RADS) and detection of high-grade PC, but
not detection of low-risk PC. This demonstrates the
selective nature of prebiopsy mpMRI to detect high-grade
PC. The significantly higher risk of sPC with increasing PIRADS scores is also demonstrated in our RMs.
Low PI-RADS or mpMRI suspicion scores harbor a 5–10%
risk of sPC; thus, a biopsy could potentially be avoided
[8,9,13,26]. The remaining risk of missing especially smaller
sPC lesions by mpMRI and MRI-targeted biopsies should be
discussed against a background of maximum security using
additional SB with the inverse risk of low-risk PC overdetection, as demonstrated by 31% additional non-sPC
found by SB alone in our cohort. If only applying targeted
biopsies, 9% of sPC would have been missed in our dataset.

Clinical applicability and usefulness of novel models are
demonstrated by drawing clinical consequences. Using
DCA, we show that both RMs and ERSPC-RC3 combined
with PI-RADSv1.0 improve the clinical decision to biopsy a
patient with a suspicion of sPC, as compared with clinical
parameter models and PI-RADS alone. The RMs and ERSPCRC3 + PI-RADSv1.0 provide benefits in the decision to
biopsy a patient for sPC at probability thresholds larger
than 10%. Thus, adding mpMRI to clinical parameter models
is clinically useful for men in whom biopsy is discussed. At
the same time, these integrative approaches enable
avoiding unnecessary biopsies in more patients. From a
practical point of view, at various probability cutoffs, the
combined models demonstrated the best performance of all
prediction tools.
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Based on our cohort, for men after previous biopsy, our
RM provided the best sPC discrimination. For biopsy-naı̈ve
men, adding mpMRI to the original ERSPC-RC3 or clinical
parameters (our RM) exceeded the discrimination of all
tools alone. Therefore, both ERSPC-RC3 + mpMRI and the
RM could be used in the future.
Findings of our study should be interpreted in context of
some limitations. First, we prospectively used PI-RADSv1.0,
while PI-RADSv2.0 has recently become the favored approach, since the time period for data accrual predominantly
was before publication of PI-RADSv2.0. Since 2015, we
routinely use PI-RADSv2.0 and PI-RADSv1.0, because data are
still not fully decisive as to the advantage of either over the
other. In a recent meta-analysis, higher pooled sensitivity
(0.95) for PI-RADSv2.0 compared with that of PI-RADSv1.0
(0.88) but comparable pooled specificity (0.73 vs 0.75) were
detected [27]. On the contrary, Auer et al[5_TD$IF] found significantly
larger discrimination for PI-RADSv1.0 (0.96) versus PIRADSv2.0 (0.90)[13_TD$IF] [28]. All our mpMRI results were read by
expert readers, but we did not assess for interobserver
variability even among specialized radiologists, as mentioned by Rosenkrantz et al [29]. These points have to be
contemplated when validating our RMs externally. Furthermore, we took FTB from PI-RADS  2 lesions to gain
maximum security. However, FTB of PI-RADS = 2 lesions is
of no relevant benefit. Therefore, we have stopped to target
PI-RADS = 2 foci in 2016.
Our sPC definition of GS  3 + 4 is debatable. However, to
compare our results with ERSPC-RC3/4, GS  3 + 4 was most
appropriate. We acknowledge that the comparison to
ERSPC-RCs is not perfect, since we did not include clinical
T staging in our sPC definition [16].
Lastly, the time and cost consumption of mpMRI and
fusion biopsy compared with relatively inexpensive clinical
parameters have to be weighed against the benefit for sPC
detection. However, cost effectiveness of mpMRI prior to
biopsy has been suggested previously [30].
5.

Conclusions

Novel RMs incorporating clinical parameters and MRI
assessment according to PI-RADS are superior to ERSPCRCs and PI-RADS alone to discriminate between the
presence and absence of sPC. Benefits of the RMs exceed
those of original ERSPC-RCs and PI-RADS alone in the
selection of patients who should receive biopsy.
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