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Abstract

Although prostate magnetic resonance imaging (MRI) is
increasingly used to diagnose and stage prostate cancer (PCa), the biologic and clinical
significance of MRI visibility of the disease is unclear. Our aim was to examine the exist-
ing knowledge regarding the molecular correlates of MRI visibility of PCa.

The PubMed, Scopus, and Web of Science databases were queried through
November 2023. We defined MRI-visible and MRI-invisible lesions based on the
Prostate Imaging Reporting and Data System (PI-RADS) score, and compared these based
on the genomic, transcriptomic, and proteomic characteristics.

From 2015 individual records, 25 were selected for quali-
tative data synthesis. Current evidence supports the polygenic nature of MRI visibility,
primarily influenced by genes related to stroma, adhesion, and cellular organization.
Several gene signatures related to MRI visibility were associated with oncologic out-
comes, which support that tumors appearing as PI-RADS 4-5 lesions harbor lethal
disease. Accordingly, MRI-invisible tumors detected by systematic biopsies were, gener-
ally, less aggressive and had a more favorable prognosis; however, some MRI-invisible
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visibility.

tumors harbored molecular features of biologically aggressive PCa. Among the commer-
cially available prognostic gene panels, only Decipher was strongly associated with MRI

High PI-RADS score is associated with biologically

and clinically aggressive PCa molecular phenotypes, and could potentially be used as a

biomarker. However, MRI-invisible lesions can harbor adverse features, advocating the
continued use of systemic biopsies. Further research to refine the integration of imaging
data to prognostic assessment is warranted.

Magnetic resonance imaging visibility of prostate cancer is a poly-
genic trait. Higher Prostate Imaging Reporting and Data System scores are associated
with features of biologically and clinically aggressive cancer.

© 2024 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

Multiparametric magnetic resonance imaging (MRI) has
transformed the diagnosis and clinical management of pros-
tate cancer (PCa) [1]. Improvements in MRI technology and
standardization of its interpretation through the interna-
tionally recognized Prostate Imaging Reporting and Data
System (PI-RADS) have led to its widespread use through
integration in the PCa decision-making pathway [1-3]. In
clinical practice, prostate MRI demonstrates high sensitivity
and specificity for identifying clinically significant (Gleason
grade group [GG] >2) PCa [4,5]. However, clinically signifi-
cant PCa can be detected in up to 7-10% of patients, who
have no visible lesions suggestive of cancer on MRI [4,5].

In addition to the improvements in imaging, substantial
research has characterized the genetic signatures and
molecular features underlying PCa, allowing for the identi-
fication of key drivers of prognosis and development of pre-
dictive and prognostic molecular markers [6-9]. For
example, several commercially available multigene panels
quantify messenger ribonucleic acid (mRNA) expressions
with advanced bioinformatic analyses, assisting in disease
management by predicting adverse clinical behavior (eg,
surgical outcomes and distant metastatic spread) [9-11].
Consequently, in the USA alone, there has been a more than
ten-fold increase in the clinical utilization of genomic test-
ing in recent years [3].

Similarly to molecular markers, there is a growing con-
ceptual basis to regard MRI visibility as a prognostic disease
biomarker, recognizing that the prevalence of significant
disease varies across PI-RADS classifications (12% PI-RADS
3, 60% PI-RADS 4, and 83% PI-RADS 5) [12,13]. However,
despite the increased use of prostate MRI in global PCa care,
there is comparatively limited data about the biologic basis
of MRI findings and the association of PI-RADS with molec-
ular signatures. Finding a strong correlation between MRI
visibility and aggressive molecular disease subtypes could
facilitate personalized management of patients and
improve the cost-benefit balance associated with diagnos-
tics [14,15]. For instance, it could help avoid systematic
biopsies or molecular testing of MRI-invisible lesions or, in
those with favorable MRI results, guide toward intensifica-
tion of diagnostic workup for patients with a negative
biopsy and MRI-visible lesions; it could also help refine

active surveillance (AS) protocols, thereby facilitating clini-
cal decision-making and resource allocation [14,15].

Considering the diagnostic and prognostic implications
of MRI and tissue-based molecular tests, there is a growing
need to understand the molecular features of MRI-visible
and MRI-invisible lesions. Moreover, understanding
whether these provide independent or complementary
prognostic and predictive information would aid their clin-
ical utility. Therefore, the objective of this systematic
review was to examine the existing knowledge regarding
the molecular determinants of MRI visibility.

2. Methods

This systematic review is reported according to the recom-
mendations of the Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) 2020 guideline (Sup-
plementary Table 1) and the Cochrane Handbook [16,17].
The study protocol was registered on PROSPERO (registra-
tion number: CRD42023483275).

To evaluate the genomic, transcriptomic, and proteomic
determinants of MRI-visible and MRI-invisible lesions, we
utilized the PICO framework [18]. We included studies of
patients with histologically confirmed PCa who underwent
prostate MRI examination and tumor tissue-based molecu-
lar analysis (population). Studies were marked eligible if
these compared MRI-visible, defined as PI-RADS 3/4/5 (in-
dex), and MRI-invisible, defined as PI-RADS 1/2 (compara-
tor), lesions in terms of genomic, transcriptomic, or
proteomic features (outcome). Additionally, studies assess-
ing visible lesions only were deemed eligible, while those in
which molecular analyses were not performed on prostate
tissue visualized using MRI were excluded.

2.1. Search strategy, study selection, and data collection

The MEDLINE (via PubMed), Scopus, and Web of Science
databases were queried on November 16, 2023 (Supple-
mentary Material) to identify all available interventional
or observational prospective and retrospective studies on
the genetic determinants of MRI visibility of PCa. Case
reports, case series, reviews, conference abstracts, and stud-
ies not published in English were excluded. After duplicates
were removed, two investigators performed selection first
by title and abstract, and then by full text. From the eligible
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articles, the two investigators independently extracted the
following data: title, first author, year of publication, study
population, study design, main findings, number of patients,
patient demographics, definition of visible/invisible lesions,
histology, disease grade, tissue sampling (radical prostatec-
tomy [RP] and systematic/targeted prostate biopsy), MRI
scoring system (PI-RADS version), and the type of molecular
target (deoxyribonucleic acid [DNA]/messenger ribonucleic
acid [mRNA]/protein). Any disagreements during the selec-
tion or data extraction were resolved via consensus with a
third reviewer.

2.2. Risk of bias

To assess the risk of bias (RoB) across the included studies, a
modified Newcastle-Ottawa score was used, designed to

rate observational cohort studies (Supplementary Material)
[19]. Studies were evaluated independently by two investi-
gators on the basis of patient selection, comparability, and
outcomes. Any disagreements were resolved via consensus
with a third investigator.

3. Results

3.1. Systematic search

Our search key identified 2674 records, of which 2015 were
screened after removal of duplications, and 25 were found
eligible for qualitative synthesis after title-abstract and
full-text selection (Fig. 1). MRI visibility was analyzed for
the association with Decipher (eight studies, n = 544) [20-
27], Oncotype DX (eight studies, n = 664) [24-31], Prolaris

+ Mledline (n = 624)

plit ords r-'ed .

*  Scopus (n=1478)
o Web of Science (n=572)
Registers (n=10)

A4

Records marked as ineligible by
automation tools (n = 492)
Records removed for other reasons (n = 167)

Studies included in systematic
review (n = 25)

ecords screen
(n=2015)
330 or retriev
(n=130)

»| Records exc
(n=1885)
" (n=0)

Reports excluded (7 = 105):

No granular data on MRI (17 = 56)
No granular data on genetics (n = 38)
Conference abstract (n=11)

Fig. 1 - PRISMA flowchart of selection. MRI = magnetic resonance imaging; PRISMA = Preferred Reporting Items for Systematic Reviews and Meta-analyses.
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Table 1 - Characteristics of the included studies

Study Number Population Median Median Type of PI-RADS Definition = Definition = Specimen Biomolecule  Assay Assessment
of age PSA MRI version of visible of evaluated (N) studied per lesion/
lesions/ (IQR) (IQR) invisible per prostate
patients
assessed

Leapman 100/100 Low- or intermediate-risk 52.5 5.6 (4.3- mpMRI vl PI-RADS 4- PI-RADS 1-  Systematic RNA Oncotype DX ° Per prostate
(2017) PCa patients (considered or (55-68)  8.3) 3T 5 2 biopsy (100)

[28] enrolled in AS) *

Salmasi 134/134 Very low risk (n = 1), low 62 (+6.4) NA mpMRI  v2 PI-RADS 2- Lesion Systematic (52) RNA Oncotype DX ” Per prostate
(2018) risk (n = 21), intermediate d 3T 5 detected by + targeted and lesion
[29] risk (n =112) © systematic  fusion biopsy

biopsy (82)

Kornberg 131/131 Patients with low/ 61.8 4.2 (0.7- mpMRI v2 PI-RADS 4- PI-RADS 1-  Systematic + RNA Oncotype DX ° Per prostate
(2019) intermediate risk PCa (+6.6) ¢ 5.3) 3T 5 2 targeted fusion
[30] (clinical stage T1/T2 and biopsy

PSA <20 ng/ml) undergoing
AS *?

Beksac 144/144 Low risk (GS 6 97.92%) 62.1 5.0 mpMRI  v2.1 PI-RADS 4- PI-RADS 1-  Systematic + RNA Oncotype DX ” Per prostate
(2022) Low-volume intermediate-  (58.4- (3.45- 5 3 targeted fusion
[31] risk (GS 7a 2.08%) 68.3) 6.18) biopsy

patients on AS ©

Martin 167/102 ISUP 1/2 biopsy naive, prior 64 (59- 6.1 (48- mpMRI v2 PI-RADS 4- PI-RADS <3  Systematic RNA Decipher © Per prostate
(2019) negative biopsy, or on 70) 7.9) 3T 5 (n=102) + and lesion
[22] active surveillance targeted fusion

(n = 65) biopsy

Purysko 89/72 ISUP 1: 1% 63 (x7)¢ 9.8 (+12) mpMRI v2 PI-RADS 3- PI-RADS <2  Radical RNA Decipher © Per lesion
(2019) ISUP 2: 43% d 3T 5 prostatectomy
[20] ISUP 3: 24%

ISUP 4: 8%
ISUP 5: 24%

Beksac 206/206 Low risk: 9% Intermediate 63.1(¢7) 8.6 mpMRI  v2 PI-RADS 3- NA Radical RNA Decipher © Per lesion
(2018) risk: 50.7% d (#5.3)¢ 3T 5 prostatectomy
[21] High risk: 40.3% "

Radtke 28/9 High risk NA NA mpMRI  v1 and v2 PI-RADS 4- PI-RADS 1-  Systematic + RNA Decipher (whole Per lesion
(2018) 3T 5 2 targeted biopsy transcriptome microarray)

[23] (n=21) and €
radical
prostatectomy
(n=7)

Renard- 106/106 Low risk: 60.4% 64.3 6.6 mpMRI vl NA NA Radical RNA Prolaris " Per lesion
Penna Intermediate risk: 34.9% (47-73) (23-17) 15T prostatectomy
(2015) High risk: 4.7% * €
[32]

Wibmer 118/118 Low risk: 45.8% 61.4 NA mpMRI  v2 NA NA Systematic RNA Prolaris " Per lesion
(2019) Intermediate risk: 50.8% (£7.4) ¢ 3T (100%) and
[33] High risk: 3.4% ' targeted (31.4%)

biopsy

Morris (2021)  222/222 Low risk: 32.9%, 68 (62- 7.6 (54- mpMRI v2 NA NA Targeted biopsy =~ RNA Prolaris " Per lesion

[34] Intermediate risk: 59% 72) 11.7) 3T
High risk: 8.1% (66 patients
on AS) ¢

Punnen 224[78 ISUP 1: 51.3% 66 (59- 6.1 (45- mpMRI NA (defined as PI-RADS 3- Lesion Systematic + RNA Prolaris, Oncotype DX, Per lesion
(2021) ISUP 2: 19.2% 70) 10.5) 3T the most 5 detected by targeted fusion Decipher "

[24] ISUP 3: 12.8% current systematic  biopsy
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Table 1 (continued)

Study Number Population Median Median  Type of PI-RADS Definition = Definition = Specimen Biomolecule  Assay Assessment
of age PSA MRI version of visible  of evaluated (N)  studied per lesion/
lesions/ (IQR) (IQR) invisible per prostate
patients
assessed

ISUP 4-5: 16.7% version at that biopsy
(46 low- to favorable time, 2016-
intermediate-risk patients 2017)
on AS, 32 intermediate- to
high-risk patients selected
for radiotherapy)
Lee (2017) 62/48 GS6: 18.8% 63 (58-  4.95 mpMRI  v2 PI-RADS 2-  PI-RADS 0-  Radical Protein, DNA  ERG, PTEN, SPINK1, SPOP,  Per lesion
[40] GS7: 62.5% 69) (3.75- 150r3 5 1 prostatectomy CHD1 (IHC, Sanger
GS >8: 18.8% 7.1) T sequencing, FISH)
Eineluoto 567/346 GG1: 4% 65 (60- 8.9 (6.2- mpMRI vl PI-RADS 3- PI-RADS 0- Radical Protein ERG, PTEN (IHC) Per prostate
(2021) GG2: 40% 69) 13) 3T 5 2, tumor prostatectomy
[41] GG3: 44% lesion >0.5
GG4: 3% cm?®
GG5: 9%
Baumgartner  53/53 GG1: 52.8% 66 (44- 6.2 NA v2 PI-RADS 3-  Lesion Systematic + Protein ERG, PTEN (IHC) Per lesion
(2019) GG2: 47.2% 81)’ (#3.4) ¢ 5 detected by targeted biopsy
[42] systematic
biopsy
Lazzeri 105/105 ISUP 1: 17.7% 66.4 7.87 mpMRI  v2 PI-RADS 3- PI-RADS 0- Targeted biopsy = RNA TMPRSS2:ERG (RNAseq) Per lesion
(2022) ISUP 2: 26.6% (¢8.42) ¢ (5.37- 1.50r3 5 2
[43] ISUP 3: 15.8% 14.5) ¢ T
ISUP 4: 11.4%
ISUP 5: 12.0% *
Erickson 212/106 GG1: 1.9% 65.4 8.8(64- NA vl PI-RADS 2- NA Radical Protein ERG, PTEN (IHC) Per lesion
(2020) GG2: 48.1% (61.6- 12.8) 5 prostatectomy
[44] GG3: 34.9% 70.2)
GG4-5: 14.2%
Parry (2019)  22/6 GS>4+3 66 (58-  6.5(5.1- mpMRI v2 PI-RADS 3- PI-RADS 0-  Radical DNA, RNA Whole genome, exome, Per lesion
[25] 67) 14.5) 15T 5 2 prostatectomy methylation, and
transcriptome profile
(including genes in
Oncotype DX, Decipher,
Prolaris)
Li (2018) [35] 16/16 ISUP 1: 44% NA 7.5 mpMRI  v2 PI-RADS 4- PI-RADS 0- Radical RNA Whole exome sequencing  Per lesion
ISUP 2: 25% (+4.8) 3T 5 1 prostatectomy
ISUP 3: 13% visible,
ISUP 4: 0% 5.3
ISUP 5: 18% (+1.8)
invisible
d
Salami Discovery  GG1: 4.8% 61.5(¢7; NA mpMRI  v2 PI-RADS 3- PI-RADS 1-  Radical RNA Multigene transcriptome Per lesion
(2019) cohort: 10 GG2: 40.9% test 3T 5 2 prostatectomy profile (including genes in
[26] Validation  GG3: 18.4% cohort) Oncotype DX, Decipher,
cohort: 16  GG4: 13.6% Prolaris)
Testing GG5: 22.2% (test cohort)
cohort:
375/26
Houlahan 40/40 ISUP 2, single lesion >1.5 62 (54- 6.5(47- mpMRI v2 PI-RADS 5 PI-RADS 0-  Radical RNA Multigene transcriptome Per lesion
(2019) cm 68) 8.6) 3T 2 prostatectomy and copy-number profile
[36]

(continued on next page)
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Table 1 (continued)

-

Risk categories are based on D’Amico risk classification.

Median with 95% confidence interval.

The expression analysis of 31 genes in Prolaris is quantified into the cell cycle progression (CCP) score. The mathematical combination of the CCP and CAPRA scores comprises the cell cycle risk score, which has been shown
to be a stronger risk classifier than either score alone.

Risk categories are based on AUA risk classification.

Median with range.

Whole cohort.

Mean with range.

T
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g2
CE, § Study Number Population Median Median Type of PI-RADS Definition = Definition = Specimen Biomolecule  Assay Assessment
@ o of age PSA MRI version of visible  of evaluated (N)  studied per lesion/
=3 . . ..
>0 lesions/ (IQR) (IQR) invisible per prostate
%’ g patients
g e assessed
a E Khoo (2022) 81/40 ISUP 2, single lesion >1.5 62 (54- 6.5(47- mpMRI v2 PI-RADS 5 PI-RADS 1-  Radical Protein Multigene proteome Per lesion
A 3 [39] cm 68) 8.6) 3T 2 prostatectomy profile
RS Hectors 64/64 GG1: 6% 64 (41- 8.0 mpMRI  v2 PI-RADS 3- PI-RADS 1- Radical RNA Multigene transcriptome Per lesion
-§D~ : (2019) GG2: 50% 76) " #6.1)¢4 3T 5 2 prostatectomy profile
Bl [37] GG3: 22%
m 2 GG4: 5%
S & GG5: 17%
g = Lehto (2024)  45/45 GG2: 75% 62.7 9.5 mpMRI vl PI-RADS 3-  Largest Radical RNA Multigene transcriptome Per lesion
5 5 [27] GG3: 25% (#7.1) ¢ (£5.3) 3T 5 lesion not prostatectomy profile (800-gene panel,
=] = visible detected by including genes in
< E 8.1 MRI Oncotype DX, Decipher,
~ T (£5.1) Prolaris)
S 72 invisible
Ez d
Egged Pachynski 16/16 ISUP 2: 75% 62 (+4.4) 49 NA NA PI-RADS 5 PI-RADS 1- Radical Tumor Tumor architecture and Per lesion
é’ 2, (2021) ISUP 3: 25% MRI (£1.2) 2 prostatectomy architecture, expression profile
= g [38] invisible ~ MRI RNA
5o 64.4 (¥6) invisible
o3 MRI 6.1
=] 5 visible ¢ (+1.6)
50 MRI
=5 visible ¢
— 0
,_Q g AS = active surveillance; AUA = American Urological Association; CAPRA = Cancer of the Prostate Risk Assessment; DNA = deoxyribonucleic acid; FISH = fluorescence in situ hybridization; IHC = immunohistochemistry; IQR =
'(:u' 2 interquartile range; ISUP = International Society of Urological Pathology; GS = Gleason score; GG = Gleason grade group; mpMRI = multiparametric magnetic resonance imaging; MRI = magnetic resonance imaging; NA = not
o 2 available; NCCN = National Comprehensive Cancer Network; PCa = prostate cancer; PI-RADS = Prostate Imaging Reporting and Data System; PSA = prostate-specific antigen; RNA = ribonucleic acid.
S g ¢ Risk categories are based on CAPRA risk classification.
:E’ a b The expression analysis of 12 genes in Oncotype DX is quantified into the Genomic Prostate Score ranging from 0 to 100.
& :.-{r ¢ Risk categories are based on NCCN risk classification.
'g o 4 Mean with standard deviation.
~ 3 € The expression analysis of 22 genes in Decipher is quantified into the Genomic Classifier risk score ranging from 0 to 1.
o
=
28
S
E
<
o
=1
=
£
=
S
o
o
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=
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=
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Table 2 - Main findings of the included studies *

Study “Association of genes with visibility Prognostic value

Key drivers of progression Structural genes ‘Commercial gene panels Molecular features PIRADS

ERG PTEN P53 Rb SPOP Other (adhesion,
l‘earmngemen(

Decipher Oncotype DX Prolaris

stroma)

Leapman - - - N -
(2017) [28]

Salmasi - - - - -
(2018) [29]

Kornberg - - - - -
(2019) [30]

Beksac - - - - -
(2022) [31]

Martin - - - - -
(2019)[22]

Purysko - - - - -
(2019) [20]

Beksac - - -
(2018) [21]

Radtke - - -
(2018) [23]

Renard- - - -
Penna
(2015) [32]

‘Wibmer
(2019) [33]

Morris - - -
(2021) [34]

Punnen - - -
(2021) [24]

Lee (2017)
[401

Eineluoto
(2021) [41]

(continued on next page)
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Table 2 (continued)

Baumgartner
(2019) [42]

Lazzeri
(2022) [43]

Erickson
(2020) [44]

Parry (2019)
[25]

Li(2018) - - - - _
[35]

Salami - - . -
(2019) [26]

‘Houlahan - - = = =
(2019) [36]

Khoo (2022) - - - - -
391

Hectors - - - - -
(2019) [37]

Lehto
(2024) [27]

Pachynski - - - - -
(2021) [38]

radical prostatectomy.
¢ Green boxes indicate evidence favoring association and grey boxes indicate lack of evidence for association.

(seven studies, n = 601) [24-27,32-34], genome (one study, 3.2. Association between MRI visibility and commercially
n = 6) [25], exome (two studies, n = 22) [25,35], transcrip-  available gene expression tests

tome (six studies, n = 197) [25-27,36-38], proteome (one
study, n = 40) [39], or single gene aberration (five studies,
n = 658) [40-44] evaluations. The baseline characteristics
and main findings of the included studies are summarized
in Tables 1 and 2, respectively.

Decipher, Oncotype DX Prostate, and Prolaris are RNA-
based gene expression panels associated with treatment
outcomes in PCa patients, used to provide prognostic evalu-
ations for individuals with localized disease following a
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prostate biopsy and/or RP [15]. In addition to its strong pre-
dictive value for biochemical recurrence, early metastases,
and survival, Decipher is broadly utilized for unfavorable
intermediate- and high-risk patients as well, particularly
in the adjuvant treatment selection after RP [11,15,45,46].
Oncotype DX, Decipher, and Prolaris are based on the
expression of 12, 22, and 31 genes, respectively, involved
in different biologic pathways associated with PCa recur-
rence and metastatic potential: cellular differentiation,
organization, adhesion, motility, cell cycle, proliferation,
androgen signaling, immune modulation, and stromal
response (Supplementary Table 2) [9,47,48]. The results of
the expression analysis are quantified into numeric vari-
ables: Genomic Prostate Score (GPS), genomic classifier
(GC) risk score, and the cell cycle progression (CCP) and cell
cycle risk (CCR) scores for the Oncotype DX, Decipher, and
Prolaris, respectively, with higher values suggesting more
aggressive disease [33,49,50].

Four studies reported on the association of GPS with PI-
RADS classification in very-low-, low-, or intermediate-risk
PCa patients, showing no or a weak correlation between the
two [28-31]. In a study of 100 patients, Leapman et al [28]
reported a significant correlation between GPS scores and
prostate MRI findings (categorized using a Likert scale) in
men who harbored Gleason score (GS) 3 + 4 PCa
(p =0.01). However, there was no difference among patients
with GS 3 + 3 disease (p = 0.18), and a notable variation was
observed in different MRI categories [28]. Similarly, Salmasi
et al [29] found an association between higher PI-RADS and
GPS scores; the authors reported that only the latter was
predictive of adverse pathology, highlighting their additive
value. These findings are in accordance with the two studies
exploring the association of MRI findings, GPS, and progres-
sion in patients on an AS protocol [30,31]. Kornberg et al
[30] found no significant difference in GPS values between
visible and invisible lesions (p = 0.28). Similarly, Beksac
et al [31] reported no correlation between higher GPS and
PI-RADS lesions, with only the latter being associated with
an increased risk of upgrading. In contrast, Kornberg et al
[30] found both the GPS (per 5 unit increase) and higher
PI-RADS scores to be independent predictors of upgrading
on repeat prostate biopsies.

In the four studies evaluating mainly low- and
intermediate-risk PCa patients, no or weak correlations
between Prolaris and MRI findings have been found
[24,32-34]. In the study of Renard-Penna et al [32], the
PI-RADS sum score was found to be weakly correlating with
Prolaris results (r = 0.26, p = 0.007). Similarly, Morris et al
[34] reported only weak correlations between PI-RADS cat-
egories and CCP (rs = 0.22, p < 0.001) as well as CCR
(rs = 0.37, p < 0.001) scores. In a multivariable analysis,
higher CCP (p < 0.001) and PI-RADS (p = 0.04) scores were
associated with a higher GS [34]. However, PI-RADS did
not provide additional information to CCP in predicting
the final GS on RP [34]. In contrast, Wibmer et al [33] found
no significant correlation between CCR scores and PI-RADS
categories or other quantitative MRI features. However,
patients with extraprostatic extension (EPE) on MRI showed
higher CCR values than those without [33]. Accordingly,
CCR score (p = 0.049) and the presence of EPE on MRI

(p < 0.001), but not PI-RADS, were prognostic of adverse
pathology upon RP [33]. In the study by Punnen et al [24],
CCP (p = 0.01), but neither GPS (p = 0.1) nor GC (p = 0.2),
score was found to be higher in targeted than in systematic
biopsy cores. While all three genomic scores were found to
be correlated with higher PI-RADS scores, after adjustment
for the effects of tumor grade, only the association observed
with Decipher (p = 0.015) remained statistically significant
[24].

Three studies comprising mainly intermediate- and
high-risk PCa patients found GC to be associated with MRI
visibility [20,21,23]. Radtke et al [23] found both Decipher
(r=0.805) and genomic GG classifier (r = 0.813) scores cor-
related strongly with PI-RADS categories (both p < 0.001).
Moreover, the authors reported high concordance between
index tumor on post-RP examination and MRI-targeted
samples in GC, genomic GG classifier score, and TP53 and
ERG expression, highlighting the reliability and utility of
biopsy-based molecular testing [23]. Notably, we detected
a high RoB mainly owing to low selection domain scores,
limiting the generalizability of these findings [23]. Similarly,
Beksac et al [21] reported a significant association between
higher PI-RADS categories and GC scores (p = 0.017). Addi-
tionally, genome-wide gene expression profiling identified
163 genes that were expressed differentially between PI-
RADS 4 and 5 lesions [21]. Key signaling pathways such as
PI3K-AKT-mTOR, WNT-b, and E2F were upregulated in PI-
RADS 5 tumors, while estrogen and inflammatory response
were more active in PI-RADS 4 lesions, suggesting a more
unstable genomic profile in this imaging subgroup [21].
Purysko et al [20] confirmed these findings through a mod-
erate correlation between GC scores and PI-RADS categories
(r = 0.54, p < 0.001), which was dependent on the lesion’s
location, with the strongest correlation in tumors located
in the peripheral zone. Nonetheless, the prognostic signifi-
cance of MRI and GG in predicting the GC-based metastatic
potential did not differ (p = 0.4) [20]. Martin et al [22] found
median Decipher scores across PI-RADS categories similar
(p = 0.8), while GC scores differed by International Society
of Urological Pathology grade.

3.3. Studies evaluating single gene delineations associated
with disease progression

We identified five studies assessing single molecular aber-
rations of key drivers of PCa aggressivity [40-44] and eight
utilizing high-throughput molecular testing to characterize
the genetic determinants of lesion conspicuity on MRI
(Table 1) [25-27,35-39)].

3.3.1. MRI visibility of PCa is a polygenic trait

MRI-visible and MRI-invisible lesions have distinct molecu-
lar characteristics, although the available studies have not
identified a monogenetic basis for these differences
[25,27,35-37]. Studies utilizing high-throughput molecular
analyses detected numerous differentially expressed genes
(DEGs) and defined novel gene signatures to predict visibil-
ity with promising results [26,27,35,36,38]. Houlahan et al
[36] identified 62 and 40 DEGs enriched in MRI-visible and
MRI-invisible lesions, respectively. Interestingly, no molecu-
lar pathways were more abundant with the alterations, and
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57 of the 102 genes were noncoding transcripts, with visible
tumors being enriched in small nucleolar RNAs [36]. Never-
theless, the combination of nimbosus hallmarks, such as
intraductal and cribriform pathology, molecular instability,
increased SChLAP1 expression, and hypoxia with small
nucleolar RNA levels, outperformed the accuracy of a clinical
characteristics-based model to predict PI-RADS 5 lesions
(area under the curve [AUC]: 0.87 vs 0.60) [36]. Li et al
[35] found that of the 1654 DEGs, a four-gene signature
(PHYHD1, CENPF, ALDH2, and GDF15) was strongly associ-
ated with MRI visibility. The signature outperformed Deci-
pher in predicting MRI conspicuity (AUC: 0.86 vs 0.67);
moreover, changes in mRNA expressions were indepen-
dently associated with visibility, based on a dissimilarity
analysis for tumor grade (p < 0.001) and size (p < 0.039)
[35]. In the comprehensive analysis of whole genome,
exome, methylation, and transcriptome profiles by Parry
et al [25], visible tumor foci exhibited a trend toward higher
median genome aberration percentages (3.16% vs 0.4%,
p = 0.084). However, neither Oncotype DX, nor Prolaris,
nor Decipher was correlating with MRI visibility [25]. In
the matched cohort study by Lehto et al [27], machine-
learning models based on 67 DEGs reached AUCs between
0.9 and 1 to predict MRI visibility. Moreover, Decipher
(AUC: 0.86), Oncotype DX (AUC: 0.92), and MSK-IMPACT
(AUC: 0.94), but not Prolaris (AUC: 0.64), predicted MRI vis-
ibility reliably [27]. Similarly, Hectors et al [37] identified
311 correlations between 40 diffusion-weighted imaging
features and 132 genes, of which PORTOS, a novel 24
gene-based genomic signature, exhibited the strongest cor-
relation with MRI characteristics (r = —0.481, p = 0.002).
However, no association was detected between single gene
expressions (all p > 0.2) or genomic signatures (all p > 0.2)
and PI-RADS scores [37].

3.3.2. MRI visibility is related to mutations of structural genes
Based on the literature, genes involved in stromal organiza-
tion, cell architecture, and adhesion are the key determi-
nants of MRI visibility [26,28,35,38]|. Leapman et al [28]
found in a subgroup analysis of Oncotype DX gene clusters
that stroma-related genes (p = 0.015) as well as genes
involved in cellular organization (p = 0.045) were correlated
with MRI findings. Li et al [35] demonstrated that genes
associated with cell architecture and development were
underexpressed in MRI-visible lesions. Similarly, Pachynski
et al [38] identified 24 stromal DEGs, of which cell adhesion
genes (FLNC, ITGA9, and ITGA7) were particularly enriched in
MRI-invisible lesions. Salami et al [26] found that a panel of
nine genes involved with stromal/cellular organization and
structure predicted PI-RADS >3 lesions (AUC: 0.89), but not
disease recurrence-free survival, distant metastasis-free
survival, or PCa-specific mortality. Seven of the nine genes
were underexpressed in MRI-visible lesions, and neither
GPS, nor Prolaris, nor Decipher correlated with MRI con-
spicuity [26].

3.3.3. MRI visibility and drivers of PCa prognosis

Among the key genomic drivers of PCa progression, only
PTEN loss was associated with MRI visibility (Table 2)
[26,41,42]. Lee et al [40] found no difference between visi-

ble and invisible lesions in the prevalence of ERG rearrange-
ments, PTEN loss, SPINK1 overexpression, and SPOP
mutations. Interestingly, the analysis revealed that invisible
lesions were enriched in CHD1 deletion (100% vs 0%,
p =0.04), and all lesions with and 61% without SPINK1 over-
expression were visible on MRI (p = 0.06); however, none of
the genetic alterations were correlated with higher PI-RADS
scores in a logistic regression model [40]. In line with this,
Lehto et al [27] did not find an association of PTEN, ERG,
AR, MYC, IDH1, and TP53 gene expression with MRI visibility.
Similarly, Lazzeri et al [43] failed to detect a correlation
between TMPRSS2:ERG positivity and MRI findings
(p = 0.17); moreover, the alteration has been shown to be
a predictor of clinically significant PCa independently of
PI-RADS. In contrast, Eineluoto et al [41] reported higher
rates of PTEN loss (p = 0.006) but not ERG expression
(p = 0.1) to be associated with MRI visibility. Notably, in a
linear regression model controlling for the effect of clinical
and MRI characteristics, prediction of non-organ-confined
diseases was not improved by the addition of genetic bio-
marker status [41]. Similarly, Baumgartner et al [42] found
PTEN loss (93% vs 47%, p = 0.02) but not ERG positivity (78%
vs 87%, p = 0.4) to be more prevalent in targeted than in sys-
tematic biopsy samples. While the distribution of GGs was
similar between MRI-guided and systematic biopsy speci-
mens among the cases with PTEN loss, the alteration was
more prevalent in GG2 cancers [42]. Similarly, Salami et al
[26] reported a higher prevalence of PTEN loss (25% vs
14%) in visible PCa than in nonvisible PCa. Interestingly,
Erickson et al [44] found both ERG status and PTEN loss to
be correlating with higher PI-RADS scores; however, the
observed differences did not reach statistical significance.

3.34. Invisible PCa foci exhibit genetic features similar to those
of benign prostate tissue

Three studies suggests that invisible PCa foci exhibit more
familiar features with benign tissue than with visible
lesions [36,38,39]. Khoo et al [39] and Houlahan et al [36]
found no significant difference between visible and invisible
PCa, and normal adjacent tissue in terms of either protein
abundance or transcriptomes. However, the proteome of
invisible lesions correlated more with normal tissue than
that of visible lesions [39]. A three-protein signature (LDHB,
GNA11, and SRD5A2) was developed through machine
learning, which predicted MRI-visible lesions with an AUC
of 0.88 [39]. Similarly, Pachynski et al [38] found the
expression profile of MRI-invisible lesions to be more
related to normal prostate tissue than that of MRI-visible
PCa. Spatial characteristics, such as higher malignant cell
density (p = 0.1) and number of neighboring tumor cells
(p = 0.1), correlated with MRI visibility and inferior disease
outcomes, while a stromal gene signature of 24 differently
expressed genes enriched in MRI-invisible lesions was asso-
ciated with favorable outcomes when tested on The Cancer
Genome Atlas dataset [38].

4. Discussion

This systematic review presents a detailed synthesis of the
available evidence evaluating molecular correlates of MRI
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visibility of PCa. Given the prominent role that prostate MRI
plays in the detection and clinical management of PCa, there
are several relevant points to consider. First, current evi-
dence suggests that MRI visibility is a polygenic trait,
mainly determined by genes influencing stroma and cellular
organization. Second, a higher PI-RADS score is associated
with aggressive molecular phenotypes and worse oncologic
outcomes. Third, among the commercially available molec-
ular panels, only Decipher was found to be strongly associ-
ated with PI-RADS classification. These findings support
prostate MRI findings as a reliable biomarker in the diagno-
sis of PCa.

MRI-visible and MRI-invisible lesions seem to have dis-
tinct molecular characteristics, with visibility being the
effect of multiple genomic pathway alterations. Particularly,
genes involved in stromal organization, cell architecture,
and adhesion were found to be the key determinants of
MRI conspicuity. Interestingly, with the exception of PTEN,
genomic drivers of PCa progression, such as TP53, AR, ERG,
SPINK1, and SPOP, were not associated with PI-RADS in the
majority of the included studies, suggesting an inferior role
for these in determining conspicuity. However, seemingly
in contrast, several gene signatures determining visibility
were capable of predicting oncologic outcomes accurately
[27,35,36,38,39]. These findings support the growing body
of evidence that tumors appearing as PI-RADS 4-5 lesions
may harbor highly lethal disease, with a significant meta-
static potential that is in line with the observation that
higher PI-RADS scores are associated with inferior biochem-
ical relapse-free survival after RP (hazard ratio 3.06, 95%
confidence interval 2.16-4.33; p < 0.01) [13,51].

These data may have implications for the consideration
of biopsy sampling strategies based on MRI conspicuous
lesions. An estimated 16% of clinically significant PCa cases
would be missed with targeted biopsies only; therefore,
current guidelines recommend performing additional per-
ilesional or systematic biopsies in biopsy-naive patients
[5,15,52]. Interestingly, in the Goteborg-2 PCa screening
trial, performing only a targeted biopsy has been shown to
reduce overdiagnosis, at the cost of missing some clinically
significant tumors [53]. We found that MRI-invisible tumors
detected by systematic biopsies were less aggressive and
had more favorable prognosis. Moreover, MRI-invisible
lesions express molecular characteristics similar to those
expressed by benign prostatic tissue when compared with
visible tumors. These signatures comprised mainly genes
involved in structural characteristics rather than genes
known to be associated with prognosis. In line with this,
the stromal gene signature developed by Salami et al [26]
achieved high performance in predicting MRI visibility,
but not oncologic outcomes.

Notably, we confirmed that a small proportion of MRI-
invisible tumors may have signatures of genes associated
with biologically and clinically aggressive PCa [20,25]. Parry
et al [25] showed that 50% of invisible foci had potentially
metastatic genetic aberrations, while in the study by Pur-
ysko et al [20], 17% of MRI-invisible lesions were classified
as of Decipher high risk. These data may support the utility
of systematic biopsies in detecting clinically significant PCa.
However, considering the evolving body of evidence high-

lighting the different oncologic behavior of the PCa cases
detected by targeted and systematic biopsies, future
research is warranted to further elucidate the role of sys-
tematic biopsies in the PCa detection pathway [54-56].

Among the commercially available prognostic gene pan-
els, only Decipher was strongly correlated with MRI visibil-
ity, however, mainly in cohorts comprising high-grade PCa.
Moreover, based on these results, the correlation of Deci-
pher GC and PI-RADS categories seems to be dependent
on tumor grade, with a higher GG being associated with
stronger correlations, which presumes that MRI and Deci-
pher capture similar information in biologically and clini-
cally aggressive PCa. In contrast, despite being robust
prognosticators of aggressive disease, Oncotype DX and Pro-
laris exhibited weak or no correlation with PI-RADS among
low- or intermediate-risk PCa patients. This indicates either
the selection of genes in these panels is not associated with
tumor visibility or the representativeness of PI-RADS classi-
fication of aggressive molecular features of this subset of
PCa was modest. Moreover, available data suggest that sub-
stantial gene expression heterogeneity exists among PI-
RADS categories of mainly low- or intermediate-risk
tumors, and both Oncotype DX and Prolaris provide inde-
pendent and complementary diagnostic and prognostic
information, distinct from MRI in this histologic subset of
PCa. Considering these findings and the weak prognostic
value of PI-RADS scores in low-grade PCa, a prostate biopsy
with molecular testing seems reasonable during AS.

This study had several limitations. These included the
heterogeneity in assessment and reporting of the data, con-
ceivably due to various methodologic disparities such as
retrospective study design; nonstandardized or small,
underpowered patient cohorts; variability in tissue sam-
pling and selection for molecular test; and use of subopti-
mal surrogate endpoints as outcomes [57]. Consequently,
quantitative data synthesis was not feasible in our study.
Furthermore, diagnostic performance of prostate MRI and
therefore visibility rely on imaging quality and reader’s
experience, introducing a potential source of confounding;
however, the utilization of the Prostate Imaging Quality
(PI-QUAL) scoring system and artificial intelligence might
overcome these limitations in the future [58-61].

5. Conclusions

This systematic review presents a detailed overview of the
association between molecular features and MRI visibility
of PCa. Current evidence advocates the polygenic nature of
MRI visibility, primarily influenced by genes related to
stroma, adhesion, and cellular organization. Moreover, we
found an association of PI-RADS with aggressive molecular
phenotypes and worse oncologic outcomes, underscoring
the role of MRI as a biomarker for disease outcome. How-
ever, MRI-invisible lesions may still harbor aggressive fea-
tures, suggesting that sampling based solely on MRI
findings may miss a proportion of significant cancers.
Future research should aim to refine the integration of
molecular diagnostics with imaging, to enhance the accu-
racy and predictive power of PCa detection and manage-
ment strategies.
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