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Abstract

Prostate cancer (PCa) is the most diagnosed cancer in men, with an
increasing need to integrate noninvasive imaging and circulating microRNAs beyond
prostate-specific antigen for screening and early detection.

To validate magnetic resonance imaging (MRI) biomarkers and circulating
microRNAs as triage tests for patients directed to prostate biopsy, and to test different
diagnostic pathways to compare their performance on patients’ outcome, in terms of
unnecessary biopsy avoidance.

A prospective single-center cohort study, enrolling
patients with PCa suspicion who underwent MRI, MRI-directed fusion biopsy (MRDB),
and circulating microRNAs, was conducted. A network-based analysis was used to iden-
tify MRI biomarkers and microRNA drivers of clinically significant PCa.

MRI, MRDB, and blood sampling.

The decision curve analysis was
exploited to assess the performance of the proposed diagnostic pathways and to quan-
tify their benefit in terms of biopsy avoidance.

Overall, 261 men were enrolled and underwent MRDB for PCa
detection. A total of 178 patients represented the entire cohort: 55 (30.9%) were negative
for PCa, 39 (21.9%) had grade group (GG) 1 PCa, and 84 (47.2%) had GG >1 PCa. The pro-
posed integrated pathway, including clinical data, MRI biomarkers, and microRNAs, pro-
vided the best net benefit with a biopsy avoidance rate of about 20% at a low disease
probability. The main limitation is the monocentric design in a referral center.

The integrated pathway represents a validated model that sees MRI
biomarkers and microRNAs as a prebiopsy triage of patients at a risk for clinically signif-
icant PCa. The proposed pathway showed the highest net benefit in terms of unnecessary
biopsy avoidance.
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The proposed integrated pathway for early detection of prostate can-
cer (PCa) allows accurate patient allocation to biopsy and patients’ stratification into risk
group categories, reducing overdiagnosis and overtreatment of clinically insignificant

PCa.

© 2023 The Authors. Published by Elsevier B.V. on behalf of European Association of
Urology. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

1. Introduction

As we are witnessing an increasing trend in prostate cancer
(PCa)-related mortality, the need to discover an effective,
accessible, and affordable method to screen PCa throughout
Europe is rising [1]. Hence, the adoption of risk-adapted
approaches, as proposed by the European Association of
Urology (EAU), would envision the integrated use of nonin-
vasive imaging and biomarkers for early detection of PCa
[2].

In our previous proof-of-concept study, we applied a net-
work science approach to a pilot cohort of 15 patients as a
first step to integrate circulating microRNA profiling, mag-
netic resonance imaging (MRI) biomarkers, and clinical
data, with the aim of implementing early detection of PCa
[3,4]. Among the 800 profiled microRNAs, 11 were corre-
lated with PCa and MRI biomarkers. Evidence in the litera-
ture confirmed the possible role of the selected
differentially expressed microRNAs as molecular biomark-
ers [5-11]. This ambitious pilot investigation bared signifi-
cant flaws due to the small sample size of the discovery
and validation cohorts, and the low sample heterogeneity,
since high-grade tumors with grade group (GG) >2 were
excluded.

After the successful completion of the proof-of-concept
study, we proceeded with the present study, where data
cleaning and reanalysis of the collected data were per-
formed to select candidate accurate microRNA biomarkers.
Our primary aim was to validate identified MRI biomarkers
and circulating microRNAs as a triage test for patients direc-
ted to prostate biopsy. Our secondary endpoint was to test
different proposed diagnostic pathways comparing their
performance to get a precise diagnosis of clinically signifi-
cant PCa (csPCa) and to decrease the overdiagnosis of clini-
cally insignificant PCa (ciPCa) building a novel diagnostic
algorithm by using MRI biomarkers, circulating microRNAs,
and clinical variables.

2. Patients and methods

2.1. Patient population and study design

This was a prospective, single-center cohort study with an
observational analytical design. The Sapienza University/
Policlinico Umberto I Institutional Review Board and Ethical
Committee approved the study (Rif. 5996, Prot. 0619/2020),
in line with the Declaration of Helsinki ethical principles. All
patients were fully informed and signed informed consent.
All biopsy-naive patients were offered prostate MRI for clin-
ical suspicion of PCa between January 2021 and July 2022.

The inclusion and exclusion criteria were the same as those
of our previous study [3]. All selected patients underwent
MRI, MRI-directed fusion biopsy (MRDB), and blood sam-
pling for microRNA analysis. The study flowchart is depicted
in Figure 1.

2.2. MRI, blood sample collection, and biopsy protocol

Prostate MRI was acquired and interpreted according to the
Prostate Imaging Reporting and Data System (PI-RADS) ver-
sion 2.1 guidelines [12] at 3 T scan (Siemens Healthineers,
MAGNETOM Vida, Erlangen, Germany; GE Healthcare, Dis-
covery 750, Milwaukee, WI, USA). A PI-RADS cutoff score of
>3 was set to define a positive scan to direct patients to
MRDB (for PI-RADS 3 lesions, concomitant prostate-specific
antigen (PSA) density >0.15 or multidisciplinary team deci-
sion was the criterion to proceed with biopsy). MRI quantita-
tive parameters were collected for correlation with csPCa, as
described previously [3]. Patient preparation for fusion biopsy
was conducted according to the EAU guidelines [13]. Dedi-
cated software for navigation was used. Details on MRI and
biopsy procedure are provided in the Supplementary mate-
rial. Blood samples were obtained and stored during the day
of the biopsy procedure, as described in our previous study
[3]. MicroRNA expression profiling was performed from a dis-
covery cohort of 15 patients [3]. Validation analyses were
conducted on plasma samples from 28 and 135 patients, used
in validation cohorts 1 and 2, respectively. Details on valida-
tion cohorts and microRNA analysis are provided in the Sup-
plementary material.

2.3. Network analysis and data cleaning process

The weighted gene coexpression network analysis
(WGCNA) was performed, as described in our previous
work, on the discovery cohort [3]. To identify and validate
the most promising microRNAs as circulating biomarkers,
we performed an additional data cleaning process by disre-
garding microRNAs with a low count number and small
variability.

24. Diagnostic prostate cancer pathways

We developed an algorithm that takes into consideration
clinical data (PSA density [PSAD] and family history), MRI
biomarkers (PI-RADS and normalized apparent diffusion
coefficient [ADC] value [nADC]), and circulating microRNA
expression levels of the validation cohorts (validation
cohorts 1 plus 2). Specifically, family history was considered
a binary categorical variable (0 = no/1 = yes), PI-RADS was
considered an ordinal categorical variable (score 3-4-5),
and the others were considered continuous variables. We
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Prospective enroliment of patients with suspicion of
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Fig. 1 - Study flow-chart. DCA = decision curve analysis; MDT = multidisciplinary team; MRDB = MRI-directed fusion biopsy; MRI = magnetic resonance
imaging.

set as outcome measurement the need of biopsy for csPCa
and tested different diagnostic pathway models. Perfor-
mance of the diagnostic pathways was evaluated by com-
paring the number of unnecessary biopsies avoided with a
correct diagnosis, underdiagnosis, and overdiagnosis. The
proposed pathways are as follows:

. Reference pathway: age + family history + PSAD + PI-RADS

. MRI pathway: PI-RADS + nADC

. Molecular pathway: mir-302a-5p + miR-367-3p

. Integrated pathway: family history + PSAD + PI-RADS + nA
DC + miR-302a-5p + miR-367-3p

AW N =

To avoid overoptimistic estimates of models’ perfor-
mance, we first corrected for overfit by performing a ten-
fold cross validation, as described in the study by Vickers

et al. [14]. Then, we used the cross-validated model predic-
tions to calculate all performance metrics.

2.5. Definition of the reference standard

The reference standard was set according to MRDB results
(highest GG as pathological endpoint) and a follow-up of
at least 12 mo for negative patients. Clinically insignificant
PCa was defined as GG1 (Gleason score 6), regardless of
the number or percentage of core involvement; instead,
csPCa was defined as GG >2 (Gleason score >3 +4) [15].

2.6. Statistical analysis

Medians with interquartile ranges (IQRs), frequencies, and
proportions were calculated for continuous and categorical
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variables. A chi-square test was performed to examine dif-
ferences in categorical variables. A one-way analysis of vari-
ance test was used to compare the means of independent
groups, without an a priori selection of the comparisons.
Post hoc subgroup analyses were performed using Fisher’s
least significant difference test. The above statistical analy-
ses were performed using SPSS, version 28 (IBM Corpora-
tion, Armonk, NY, USA). Two-sided p < 0.05 was
considered indicative of a significant difference. Cohen x
statistics was used to assess the agreement between two
expert readers on quantitative values obtained from the
regions of interest (ROIs) placed on both diffusion-
weighted imaging (DWI) and dynamic contrast-enhanced
(DCE) MRI.

Receiver operating characteristics curve and the corre-
sponding area under the curve (AUC) were exploited to
evaluate the prediction accuracy of the considered diagnos-
tic models [16], computed using the “ROCR” R package (R
Foundation for Statistical Computing, Vienna, Austria). The
calibration plot was exploited to assess the agreement
between observed and predicted outcomes of the consid-
ered diagnostic models [17], displayed wusing the
“calibration_plot” function of the “predtools” R package (R
Foundation for Statistical Computing).

The decision curve analysis (DCA) was exploited to
assess the performance of a given diagnostic model and to
quantify the benefit of using this model in simple, clinically
applicable terms [18,19]. Further details are reported in the
Supplementary material. The benefit was calculated in

Table 1 - Patient population characteristics for the validation cohorts

terms of net reduction [20], as the net decrease in false pos-
itives (reduction of unnecessary biopsies without missing
biopsy for any significant cancer) compared with the “treat
all” strategy. The DCA was performed with R version 4.1.0,
using the “DCA” function of the “dcurves” R package (R
Foundation for Statistical Computing).

3. Results

3.1. Clinical and MRI features of the discovery and
validation cohort patients

Overall, 261 men were enrolled in this study, and per-
formed MRDB for csPCa detection and blood sampling for
circulating microRNAs analysis. Among these men, 83 were
excluded, as shown in Figure 1. The remaining 178 patients
belonged to the discovery (15 samples) and validation (28
samples from validation cohort 1 plus 135 from cohort 2)
cohorts. Among them, 55 (31%) did not have PCa (negative),
39 (22%) had GG1 PCa, and 84 (47%) had GG >2 PCa (44 had
GG2, 28 had GG3, and 12 had GG4-5). The median age was
68 yr (IQR = 62.5-74 yr), the median PSA value was 6.9 ng/
ml (IQR = 5, 11.4 ng/ml), and the median PSAD was 0.16
(IQR = 0.1, 0.3). Overall and per-subcohort patient charac-
teristics of the validation cohort (163 patients) are summa-
rized in Table 1. Targeted biopsy results are shown in
Supplementary Table 1. The agreement between two expert
readers on ROI placement for DWI-ADC and DCE is shown in
Supplementary Table 2. Results on the validation of micro-

Neg (n = 50) ciPCa® (n = 34) csPCa” (n = 79) p value p value p value
Neg vs ciPCa Neg vs csPCa ciPCa vs csPCa

Age (IQR) 64 (60, 70.5) 68 (62, 73) 70 (65, 75.7) 0.2 <0.001 0.093
PSA, ng/ml (IQR) 5.1(4,7.1) 6.6 (5.6, 9.5) 9.1 (5.9, 15.5) 0.4 <0.001 0.005
PSAD, ng/ml? (IQR) 0.1 (0.08, 0.16) 0.15(0.11,022)  0.23 (0.16, 0.34) 0.4 <0.001 0.002
Family history 0.012 0.5 0.044

Yes, n (%) 11(22) 13) 15 (19)

Prostate volume, cc (IQR) 44 (33.7, 69.2) 40 (33, 67) 42 (31.5, 55) 0.9 0.031 0.072
PI-RADS scoring (IQR) 3(3,32) 4(4,4) 4(4,5) <0.001 0.003
Location 0.16 0.17 0.8

PZ, n (%) 44 (88) 26 (76) 62 (78)

nADCY, 103 mm?/s (IQR) 0.68 (0.6, 0.79) 0.62 (0.58,0.67)  0.46 (0.35, 0.55) 0.013 <0.001

K-trans®, min~! (IQR) 0.13 (0.11, 0.2) 0.28 (0.22,0.37)  0.43 (031, 0.58) <0.001

VeS, min~' (IQR) 0.16 (0.09, 0.19) 0.23 (0.17,0.33)  0.29 (0.23, 0.38) 0.5 0.051 0.3

Kep®, min~" (IQR) 0.95 (0.86, 1.14) 143 (1.28,1.61)  2.62(2.12,3.32) <0.001
PI-RADS scoring, n (%) <0.001 0.003

3 38 (76) 8 (23) 1(1)

4 9(18) 18 (54) 46 (58)

5 3 (6) 8 (23) 32 (41)
Diameter of the tumor, mm (IQR) 12 (10, 13) 12 (10, 14) 14 (11, 20) 0.032 0.011 0.034

13 (10, 14.7)¢
16 (12.5, 22)°

Presence of EPE 0.5 <0.001

Yes, n (%) 2 (4) 3(9) 33 (42)

ciPCa = clinically insignificant prostate cancer (GG 1); csPCa = clinically significant prostate cancer (GG >2); EPE = extraprostatic extension; GG = grade group;
IQR = interquartile range; ISUP = International Society of Urological Pathology; nADC = normalized apparent diffusion coefficient; Neg = negative; PI-
RADS = Prostate Imaging Reporting and Data System; PSA = prostate-specific antigen; PSAD = prostate-specific antigen density.

Median values are reported for all parameters with IQR.
¢ ciPCa = ISUP 1.

b ¢sPCa = ISUP > 1.
¢ More experienced reader.
4 ISUP 2.

€ ISUP >2.
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RNA profiling of the discovery cohort patients are detailed
in the Supplementary material.

3.2 Validation of the miR-302/miR-367 cluster and MRI as
biomarkers of csPCa

To corroborate the results obtained by the re-evaluation of
the microRNA profiling of the discovery cohort, a wider
number of patients were analyzed (validation cohorts 1
and 2). First, the six microRNAs of interest were measured
by means of droplet digital polymerase chain reaction on
total plasma derived from an extended patients’ cohort (val-
idation cohort 1), comprising ten negative, nine GG1, and
nine GG2. MiR-302a-5p was confirmed to be significantly
dysregulated in GG2 patients than in both GG1 and negative
patients (Fig. 2). MiR-302a-5p belongs to the miR-302/miR-
367 cluster, upregulation of the members of which has been
described in PCa tissues and cells [21]. On this basis, we
evaluated the expression levels of the members of this clus-
ter in the microRNA profiling conducted on the patients of
the discovery cohort (Table 2). Among the members of this
cluster, apart from miR-302a-5p, only miR-367-3p was

showing some evidence of correlation with GG2 PCa sam-
ples (Supplementary Fig. 3), although the results were not
statistically significant. Additionally, a WGCNA analysis cor-
roborated this result since miR-302a-5p and miR-367-3p
were the only microRNAs showing a significant correlation
with the GG (Supplementary Table 4).

Thus, circulating miR-302a-5p and miR-367-3p levels
were evaluated in a wider cohort of 135 patients (validation
cohort 2), confirming these data (Fig. 3 and 4).

In the correlation analysis performed using the network
analysis among the clinical (PSA and PSAD), pathological
(percentage of tumor in biopsy sample and length), and
MRI biomarkers (PI-RADS, prostate volume, nADC, ADC,
and perfusion parameters), miR-367-3p correlated with
the tumor percentage in the biopsy sample, nADC, ADC,
ktrans, and Kep (Supplementary Fig. 4B). MRI case examples
are shown in Figure 5.

3.3. Performance of the diagnostic pathways

We considered four diagnostic models to compare their per-
formance. The integrated pathway showed the highest AUC
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Fig. 2 - A ddPCR analysis of the six driver microRNAs of validation cohort 1. A ddPCR analysis on a first independent validation cohort confirmed the
upregulation of miR-302a-5p in GG2 versus GG1 and negative samples; miR-548ai and miR-570-5p are recognized by the same assay ID and are considered as
one microRNA. ddPCR = droplet digital polymerase chain reaction; GG = grade group; Neg = negative. *p < 0.01 versus negative. **p < 0.0001 versus GG1.

Table 2 - List of the nine driver microRNAs identified both from EV and TP data of the discovery cohort with their statistics

miRNA EV TP
GS p value GS MM p value MM GS p value GS MM p value MM

hsa-miR-302a-5p 0.68 5.58E-03 0.85 5.76E-05 0.69 4.14E-03 0.83 1.45E-04
hsa-miR-548ar-5p 0.60 1.87E-02 0.84 7.64E—05 0.67 6.80E—03 0.87 2.25E-05
hsa-miR-548ai + hsa-miR-570-5p 0.59 2.16E-02 0.88 1.88E-05 0.66 7.94E-03 0.93 6.59E-07
hsa-miR-148b-3p 0.57 2.54E-02 0.93 3.31E-07 0.63 1.13E-02 0.90 3.67E-06
hsa-miR-548a-5p 0.57 2.70E-02 0.90 4.06E—-06 0.71 3.09E-03 0.88 1.74E-05
hsa-miR-561-5p 0.56 2.87E-02 0.91 2.16E-06 0.65 8.30E-03 0.93 6.10E—07
hsa-miR-548a-3p 0.56 2.99E-02 0.93 3.73E-07 0.72 2.24E-03 0.90 4.42E-06
hsa-miR-520d-3p 0.55 3.27E-02 0.91 2.29E-06 0.61 1.52E-02 0.88 1.29E-05
hsa-miR-499b-3p 0.55 3.29E-02 0.96 2.75E-08 0.57 2.62E-02 0.91 3.06E—06

EV = extracellular vesicles; GS = gene significance; MM = module membership; TP = total plasma.
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Fig. 3 - The microRNA miR-302a-5p acts as a circulating biomarker for GG2 tumors. (A) The ddPCR results confirm the significant upregulation of miR-302a-5p
in GG2 samples in comparison with all other GG samples analyzed (Neg, GG1, GG3, and GG4-5). Blue dots represent samples of validation cohort 1 and black
dots represent samples of validation cohort 2. All comparisons are performed versus GG2. (B) ROC curves of miR-302a-5p in GG2 and all other categories (Neg,
GG1, GG2, and GG3). AUC = area under the curve; ddPCR = droplet digital polymerase chain reaction; GG = grade group; Neg = negative; ROC = receiver operating
characteristics. *p < 0.05 versus Neg. **p < 0.01 versus GG1. ***p < 0.05 versus GG3. ****p < 0.01 versus GG4-5.
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characteristics. *p < 0.05 versus Neg. **p < 0.0001 versus Neg. ***p < 0.001 versus GG1. ****p < 0.001 versus GG2. *****p < 0.05 versus GG3.
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Fig. 5 - MRI case examples. (A) A 57-yr-old patient (PSAD 0.10 ng/ml?) was scored as PI-RADS 3 and underwent MRDB. No histopathological evidence of cancer
was found. (B) A 73-yr-old patient (PSAD 0.11 ng/ml?) was scored as PI-RADS 4 and underwent MRDB. Histopathological evidence of ISUP 3 csPCa was
detected. csPCa = clinically significant prostate cancer; ISUP = International Society of Urological Pathology; MRDB = magnetic resonance-directed biopsy; PI-
RADS = Prostate Imaging Reporting and Data System; PSAD = prostate-specific antigen density.

value along with the best agreement between observations
and predictions (Supplementary Figs. 5 and 6).

The DCA showed that the integration of clinical data,
miR-302a-5 and/or miR-367-3p, and MRI biomarkers (inte-
grated pathway) led to the highest net benefit (Fig. 6A).
Indeed, when zooming on the low-risk probability (0-30%)
of PCa—clinical decision scenarios, the best results in terms
of net benefit are obtained with the integrated pathway
(Fig. 6B).

The highest performance of the integrated pathway in
the reasonable probability range of 0-30% is more apprecia-
ble when the benefit is evaluated in terms of net reduction,
intended as unnecessary biopsy avoidance (Supplementary
Fig. 7 and Table 3). For example, at a threshold probability
of having csPCa of 5-10%, the integrated pathway would
have directed a lower percentage of patients without csPCa
to prostate biopsy. Specifically, at a probability of 5%, our
model would lead to the equivalent of 21% fewer unneces-

A B
65 05
04 04
¢3 03 == Treat all
£ £ === Treat none
g g
@ @ Reference pathway
o el
Sz 502 == MRI pathway
z z
=== Molecular pathway
=== |ntegrated pathway
(3] 01
6.0 \ -4 0.0

0% 25% 5% 100% 0% 30%

Thresholaﬂgrobability 1(ll:‘hreshcald probabilitz)‘/) N
Fig. 6 - Decision curve analysis (DCA) in the validation cohorts. (A) Calculation of the net benefit at all the threshold probabilities of PCa. (B) Zoom in on the
evaluation of the net benefit computed at every 1% of threshold probability in the range of 0-30%. Treat all (red) represents a pathway that assumes that all
patients have csPCa; Treat none (mustard) is a pathway that assumes that no patients have csPCa; Reference pathway (green) is a biopsy-focused pathway on
the basis of patients’ age, family history, PI-RADS, and PSAD; MRI pathway (light blue) is a biopsy-focused pathway on the basis of PI-RADS and nADC;
Molecular pathway (blue) is a biopsy-focused pathway on the basis of microRNA expression levels; and Integrated pathway (fuchsia) is a biopsy-focused
pathway that integrates reference, MRI, and molecular pathway parameters. csPCa = clinically significant prostate cancer; MRI = magnetic resonance imaging;
PCa = prostate cancer; nADC = normalized apparent diffusion coefficient value; PI-RADS = Prostate Imaging Reporting and Data System; PSAD = prostate-
specific antigen density.
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sary biopsies in patients without csPCa (false-positive
results) with respect to the 4% of the current reference,
without missing biopsies for csPCa. Instead, at a probability
of 10%, our models would lead to the equivalent of 20%
fewer unnecessary biopsies in patients without csPCa with
respect to the 14% of the current reference.

4. Discussion

In this study, we combined previously identified molecular,
clinical, and MRI biomarkers to assess the benefit of an inte-
grated pathway for PCa early diagnosis, ciPCa overdiagnosis
and overtreatment reduction, and csPCa accurate detection.

The previously identified clinical, molecular, and MRI
biomarkers have been validated in a wider cohort of
patients. We demonstrated that the integrated model,
which includes family history, PSAD, PI-RADS score, nADC
values, and circulating miR-302a-5p/miR-367-3p expres-
sion levels, presents a higher net benefit than the reference
pathway, especially at low threshold probabilities (5-10%),
which are of interest from a clinical point of view [22-24].
In addition, the integrated model was associated with a
higher potential number of biopsies avoided, followed by
the MRI and reference pathways.

Specifically, within the typical range of “cancer averse”
and “biopsy averse” clinical decision scenarios (5-30%),
the integrated pathway would lead to the equivalent of
21-29% fewer unnecessary biopsies in patients without
csPCa with respect to the default strategy to intervene with
all patients (Table 3 and Supplementary Fig. 7). Of note, the
reductions in unnecessary biopsies are always computed
with respect to “treat all,” which remains a reasonable clin-
ical strategy in many scenarios [20]. We are aware that the
improvement of the integrated model with respect to the
MRI model is not obvious by looking at Figure 6 and Supple-
mentary Figures 5 and 6. In addition, by performing statis-
tical tests [25], significant differences were not found
between their decision curves. However, in the classical
decision-making theory, the most rational choice is to con-
sider the strategy with the highest expected utility (eg,
interventions avoided), irrespective of the statistical signif-
icance of the benefit [20]. In this sense, the integrated model
performs better than the MRI model in terms of unneces-
sary biopsies avoided (Table 3 and Supplementary Fig. 7),
supporting the use of circulating miR-302a-5p and miR-
367-3p.

In the past few years, the need for effective and accurate
biomarkers has risen. Specifically, the European urological
society, in collaboration with the European Commission, is
moving toward a risk-stratified diagnosis of PCa to reduce
PCa-specific mortality and improve the quality of life of
individuals and patients, especially in light of the current
unfavorable mortality trends [1,2]. The risk-based strategy
of individuals according to the EAU position paper envisions
counseling and stratification based on age, family history,
race, and biomarkers (included in nomograms) [2]. On the
market, many fluid and biopsy-based tests are available
for PCa patients in different settings, for both risk of disease
and treatment outcomes. However, there is no consensus
yet on which biomarker should be recommended, should

not be used as first line, and should be considered as one
piece of the puzzle in counseling patients [26]. This is prob-
ably because most of these biomarkers have been devel-
oped and clinically applied as independent prognostic
tests, without a predictive value, which is a far more com-
plex task. Interestingly, for PCa, the use of RNA expression
biomarkers has been adopted in many clinical practices,
however always as ancillary tests to supplement our cur-
rent data to improve prediction and accuracy [27-29].

In our study, we validated the predictive role of the pro-
posed integrated pathway by improving the clinical and MRI
biomarkers with the addition of molecular biomarkers
(Fig. 7). In particular, the circulating biomarkers miR-
302a-5p and miR-367-3p belong to the miR-302/miR-367
cluster, the upregulation of the members of which has been
described in PCa tissues and cells [21], and have already
been proposed as circulating biomarkers in other diseases
[30-32]. Additionally, miR-367-3p was found to be useful
to discriminate between GG4 and GG5 with respect to other
categories, providing for the first time a way of classifying
cancer aggressiveness preoperatively.

The analyzed MRI qualitative and quantitative parame-
ters were confirmed to be accurate biomarkers for the
detection of csPCa also in the current study. Indeed, as
reported in the most recent Cochrane review on this topic,
the MRI pathway has sensitivity of 0.72 (95% confidence
interval [CI]: 0.60-0.82) and specificity of 0.96 (95% CI:
0.94-0.98) in detecting csPCa [33].

The integrated pathway can improve the routine practice
to further increase the predictive value of the MRI pathway,
filling the existing gap between clinical, molecular, genetic,
and imaging data, as per the San Francisco consensus state-
ments [34]. Indeed, the proposed biomarkers might be con-
sidered as clinically useful since these have been shown to
improve csPCa detection on an existing, validated, multi-
variable model reflecting all available clinical information.
In addition, our study endpoints are tailored to capture clin-
ically meaningful changes that might impact a patient’s
quantity and/or quality of life by providing early diagnosis,
while at the same time avoiding biopsy when unnecessary.
The next step that will allow full satisfaction of the San
Francisco consensus statements comprises the assessment

Molecular pathway \

Integrated pathway

[ Reference pathway |

Clinical data

MicroRNA O
A 4
MRI
biomarker

Outcome

Fig. 7 - Proposed diagnostic pathways and biopsy avoidance. MRI = mag-
netic resonance imaging.
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Table 3 - Comparison of outcomes based on each investigated pathway in terms of biopsy avoidance and missed csPCa at low threshold

probabilities in the validation cohorts®

Threshold (%) Reference pathway MRI pathway

Molecular pathway Integrated pathway

Net Red Miss Rate Net Red Miss Rate Net Red Miss Rate Net Red Miss Rate
1 0 0 3 0 0 0 6 0
5 4 0 13 0 0 0 21 0
10 14 0 18 0 0 0 20 1
15 21 0 22 1 0 0 22 1
20 22 1 25 3 0 0 23 3
25 23 3 26 5 0 0 27 4
30 24 5 28 5 0 0 29 5

csPCa = clinically significant prostate cancer; MRI = magnetic resonance imaging; PCa = prostate cancer.

2 The table reports for each pathway: the net reduction (Net Red), which represents the reduction in the number of unnecessary biopsies per 100 patients
without missing biopsy for any patients with csPCa (computed as in the study of Vickers et al. [18]); and the miss rate or false negative rate, which
represents the number of missed high-grade PCa per 100 patients with csPCa (computed as in the study of de la Calle et al. [37]).

of the accuracy and affordability of the integrated pathway
in randomized controlled trials.

The main limitations of our study are the following: (1)
monocentric design in a high-volume referral center, which
might hamper the reproducibility of the results in nonter-
tiary centers; (2) high expertise of the radiologist reading
MR images [35,36] that might have caused an overestima-
tion of the accuracy of the reference pathway; (3) small
heterogeneity of the cohort in terms of race and low per-
centage of high-grade (International Society of Urological
Pathology score >3) tumors; (4) lack of an affordability anal-
ysis of the integrated pathway; and (5) not investigating the
cost effectiveness of the integrated pathway, although the
cost of the microRNA test is much lower than that of a
biopsy procedure, or the cost related to a late diagnosis. A
health technology assessment of the proposed diagnostic
model will have to be performed in the future to corrobo-
rate the results.

5. Conclusions

A network analysis allowed us to identify promising plasma
circulating molecular biomarkers, and to correlate them
with MRI biomarkers and clinical data for a noninvasive
early diagnosis of csPCa and prediction of cancer tissue
aggressiveness. The proposed integrated pathway has a
clinical utility as a prebiopsy triage of patients at a risk of
developing csPCa. This approach, if confirmed in random-
ized controlled trials, will allow for accurate patient alloca-
tion to biopsy and stratification into risk group categories,
possibly leading to a reduction of ciPCa overdiagnosis and
overtreatment.
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