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Integrating biomarkers and
multi-parametric MRI to provide
enhanced clinical diagnosis for
prostate cancer
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Prostate cancer (PCa) risk assessment can incorporate clinical features, gene
expression, protein ‘biomarkers’ or imaging. In this review the benefits of layering
multiparametric magnetic resonance imaging (mpMRI) with other risk
assessment methods is considered. mpMRI is an increasingly utilized risk
assessment tool in prostate cancer. The European Association of Urology,
National Comprehensive Cancer Network (NCCN) and American Urological
Association (AUA) guidelines call for mpMRI utilization in the prostate cancer
management pathway. As such, the NCCN Guidelines and AUA guidelines
emphasize differing levels of reliance on mpMRI preceding prostate biopsy.
However, like all risk assessment tools, mpMRI has strengths and limitations.
This include dependencies on reader expertise and interpretation, equipment
and process standardization, tumor size, tumor multifocality, tissue architecture,
ethnic and racial disparity, and cost. Thus, layering complementary risk
assessment methods to mitigate the limitations of each approach, enables the
most informed clinical management. The goal of ongoing biomarker/mpMRI
studies is to provide insight into the clinically helpful integration of the two
approaches. For new technologies to be adapted or layered together
synergistically, five specific competencies must be considered acceptable: (1)
efficacy, (2) potential side effect levels, (3) ease of use of technology, (4) cost vs.
clinical benefit, and (5) durability.

KEYWORDS

mpMRI, biomarker, clinical management, risk assessment, prostate cancer

Abbreviations: AUC, area under the curve; DRE, digital rectal exam; EPI, ExoDx Prostate IntelliScore; GG,
Gleason grade group; HGPC, high-grade prostate cancer; HGPIN, high-grade prostatic intraepithelial
neoplasia; ISUP, The International Society of Urological Pathology; IQR, interquartile range; mpMRI,
multi-parametric magnetic resonance imaging; NCCN, National Comprehensive Cancer Network; NPV,
negative predictive value; PCa, prostate cancer; PI-RADS, Prostate Imaging Reporting, and Data System;
PPV, positive predictive value; PSA, prostate-specific antigen; PSAD, prostate-specific antigen density; RP,
radical prostatectomy; TBx, targeted biopsy; TRUS, transrectal ultrasound.
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1 Introduction

Prostate cancer (PCa) is a leading cause of cancer death among
men in the United States. In 2023, 288,300 new prostate cancer
diagnoses are projected with an expected mortality of ~34,700.
Prostate needle biopsies are recommended for men with elevated
prostate-specific antigen (PSA) levels and/or a suspicious digital
rectal exam (DRE) with added considerations based on family
history, age, and race (1). Prostate biopsy outcomes are often
benign tissue or an over-diagnosis of low-grade disease (Gleason
grade group [GG] 1) and largely results in active surveillance.
Additionally, shared decision-making for prostate biopsy using
standard of care does result in missed high-grade prostate cancer
(HGPC) (2), which is concerning given the disturbing increase in
distant metastasis (3). There is a key need to integrate diagnostic
approaches to better inform biopsy decisions for high-risk men,
while deferring biopsy for low-risk men. This literature review was
conducted using the following search term groupings: MRI,
prostate; biomarkers, prostate, MRI; and prostate, MRI, NPV.
Here, we highlight how biomarkers and multi-parametric
magnetic resonance imaging (mpMRI) are complementary
diagnostic tools that could provide synergistic clinical value.

1.1 mpMRI in prostate cancer

mpMRI is a powerful technology that provides insight into
which patients may harbor clinically concerning tumors. As with all
risk assessment methodologies, mpMRI has strengths and
limitations. Comparing mpMRI performance across studies is
difficult due to variations in study design, equipment (e.g.,
magnet strength), inconsistent incorporation of the three
individual phases (T2 weighted, diffusion, and dynamic contrast-
enhanced), as well as reader expertise. Similarly, biopsy
methodology varies greatly as do the types of biopsy samples
evaluated (4-7). These ‘mixed use’ inclusion criteria impact
disease prevalence, which affects both positive and negative
predictive values (8). Inconsistencies in the definition of HGPC
across mpMRI studies can also skew results. While many use the
HGPC definition provided by the International Society of
Urological Pathology (ISUP) of >GG2, other definitions include
ISUP grade >GG3, core length, positive cores percentage or some
combination (9-15). How HGPC definitions and biopsy
methodology vary and impact HGPC incidence has been
summarized previously (16).

The mpMRI HGPC detection metrics depend upon the selected
biopsy method (transrectal ultrasound scan (TRUS)-guided,
targeted, etc.) (Table 1). Studies still vacillate on the most
appropriate use of TRUS-guided biopsy versus targeted biopsy (7,
17, 23). Though often debated, it is accepted that mpMRI imaging
provides equal or superior detection over TRUS-guided biopsy (18,
24). NCCN guidelines call for the ‘routine’ use of image-guided
biopsy, but also highlight the potential value of a systemic biopsy in
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addition to image guided biopsy (1). Recently updated American
Urology Association (AUA) guidelines call for a TRUS-guided vs
targeted biopsy based on Prostate Imaging Reporting & Data
System (PI-RADS) scores (25).

1.2 Factors affecting mpMRI
tumor detection

The most widely acknowledged factors that impact mpMRI-
specific tumor detection are reader interpretation, reporting, and
biopsy methodology (26).

1.3 Reader variability/subjectivity and
PI-RADS variation

PI-RADS scores are a group-based risk assessment that provides
the probability, not guarantee, of a biopsy result (10). A key foundation
of PI-RADS is a critical mpMRI limitation, reader-dependent
variation. Although high concordance (78%) is claimed in studies
that utilize ‘expert’ readers, the definition of ‘expert’ raises concerns
surrounding the use of generalizations in clinical practice (18, 27, 28).
A recent study spanning 26 sites highlighted that generalization of
mpMRI led to varying positive predictive values (PPV) between sites
due to reader variation, poor targeting, and inconsistent disease
prevalence (29). Thus, there is a need for mpMRI standardization.

2 A fundamental limitation is mpMRI's
negative predictive value

Previous studies indicate that mpMRI appears to be better at
finding larger, solitary tumors than multi-focal or smaller tumors
(14, 30-32). While mpMRI PPV does vary, it becomes less so as PI-
RADS scores increase (13, 18, 26). False positive MRI readings can
be caused by conditions such as hyperplasia, inflammation, fibrosis,
prostatitis, and high-grade prostatic intraepithelial neoplasia
(HGPIN) (33). However, perhaps more concerning is mpMRI’s
negative predictive value (NPV). This is largely because a negative
result often leads to the clinical decision to defer a biopsy (17).
Tumor size, grade, multifocality, tissue architecture, and gene
expression affect tumor visibility and caution is advocated when
interpreting mpMRI negative results (1, 34-36). Moreover, up to
35% of HGPC tumors are not visible on mpMRI (17, 32) and HGPC
(=GQG2) is often found after a negative mpMRI (9, 26, 27, 37). Thus,
NCCN guidelines suggest caution when assessing negative mpMRI
results and newly updated AUA guidelines call for TRUS biopsy for
PI-RADS <3 and targeted biopsy for PIRADS 3-5 (1, 25).

Tumor size is important to mpMRI detection (Figure 1A).
Although mpMRI can miss tumors >1 cm, 43% to 82% of tumors
<1 c¢m are invisible on mpMRI (31). Studies incorporating radical
prostatectomy (RP) provide pathologic truth on the association
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TABLE 1 Detection of Prostate Cancer in Positive mpMRI (>PI-RADS 3).

Clinical Trial Gleason Grade Group (GG) and lesion detection method
GG=>2 .
GG=>2 Detected GG=2 Detected GG1 Detected GG1 Detected Combined GG1 Combined
mpMRI TBx TRUS Bx mpMRI TBx TRUS Bx TBx & TRUS
P P TBx & TRUS
Prospective (17) 1042 28% 24% 16% 25% 35% 25%
PRECISION (18)
500 38% 26 9% 229 — —
(NCT02380027) ’ % ’ v
Single site (19) 343 — — — — 57% 12%
PAIRED CAP (13)
300 76% 77% 24% 23% 70% —
(NCT02425228)
MRI-FIRST (20)
251 29 279 69 209 9 229
(NCT02485379)* 5 32% 7% 5.6% 0% 35% %
Retrospective (21) 560 BxNaive 36% BxNaive 34% BxNaive 15% BxNaive 27% BxNaive 44%
P PriorNeg 28% PriorNeg 26% PriorNeg 9% PriorNeg 23% ’
Retrospective (22)*,** 640 48.4% - 15.2% - 49.8% 15.5%**
PRECISE (23)
4 9 1 229 — —
(NCT02936258) 53 35% 30% 0% %
NCT03377881 (24) 1532 — 18% - 12% 21% 4%

*In this analysis, PI-RADS1-5 biopsy data was provided, but metrics were analyzed only for a definition of HGPC of >GG2. PI-RADS >3 was considered MRI positive in this table. **In this study,
TRUS categories refer to non-targeted biopsies.

GG, Gleason grade group; Bx, biopsy; BxNaive, initial biopsy; mpMRI, multi-parametric magnetic resonance imaging; MRI, magnetic resonance imaging; Neg, negative; PI-RADS, Prostate
Imaging Reporting and Data System; PriorNeg, repeat biopsy for prior negative biopsy result; TBx, targeted biopsy; TRUS, transrectal ultrasound scan.
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FIGURE 1

Cancer detection with mpMRI. (A) The impact of tumor size on mpMRI tumor detection. Bubble size reflects the percentage (%) of tumors detected
by mpMRI: larger bubbles indicate a higher detection rate than smaller bubbles. Green bubbles are mixed Gleason grade groups while blue bubbles
are exclusively high-grade disease (>GG2) (30, 31, 36, 38, 39). (B) Ability of mpMRI to detect multi-focal disease. Although mpMRI misses the index
lesion 20%-30% of the time, non-index lesions are missed much more frequently (63%-79%) (21, 31, 32, 39). (C) References reviewed in Moldavan
et al. (8) are excluded except for the PROMIS study (9). All NPVs reported for HGPC are defined as >GG2 unless a specific notation is included. Ball
location on the Y-axis indicates NPV, while ball size indicates cohort size for mpMRI results < PI-RADS 3. GG, Gleason grade group; HGPC, high
grade prostate cancer; mpMRI, multi-parametric magnetic resonance imaging; MRI, magnetic resonance imaging. NPV, negative predictive value.
*Sizes based on solidarity tumors; &Sizes based on multifocal tumors.
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between tumor size/lesion focality and mpMRI detection (30-32),
with tumor detection decreasing as tumors become smaller. This is
problematic as tumors <6 mm in size, can harbor high-grade disease
(32, 38).

Tumor location is also important in mpMRI detection. Lesions
are found in all prostate zones (peripheral, transition, and anterior)
(6, 17) and mpMRI false negatives can occur in all zones (10). MRI-
targeted biopsy (MRI Tbx) compared with TRUS-guided biopsy
observed a 64% concordance in tumor detection in the same
prostate zone. The remainder of tumors were detected by only
one type of biopsy methodology, suggesting that different biopsy
approaches find different tumors (13). Proximity to the prostate
capsule also correlates with MRI visibility with tumors <0.05 cm
from the capsule detected more often (46%) than >0.5 cm away
(16.7%) (30).

PCa multifocality is well established with separate foci
displaying both Gleason score and genomic heterogeneity (40).
Multifocality increases the probability that mpMRI miss tumors
(Figure 1B) (19, 32, 39). In a study of follow-up fusion biopsy with a
TRUS-guided biopsy revealed 30% HGPC outside the index lesion,
with the Gleason score being greater than or equal to that found in
index lesions. The risk of finding HGPC outside the MRI-located
index lesion increased as the PI-RADS score increased, with a 10%
probability for PI-RADS 2, which rose to a 70% probability for PI-
RADS 5 (19). Whole mount RP studies show that index tumors are
more easily detected than non-index lesions (32, 38, 39). Moreover,
although MRI-detected HGPC lesions in 97% of patients, additional
PI-RADS >3 lesions were missed in 60% of these cases (7).

2.1 Negative predictive values

Analysis of studies with mpMRI negative results (PI-RADS <3)
demonstrate that mpMRI NPV is quite variable (1, 4, 5, 7, 9-15, 26).
Of particular importance, Otti et al. found that 17% of men with
‘normal’ mpMRI readings had palpable disease (26). Chung et al.
examined ‘invisible’ tumors (PI-RADS <3) with biopsy and RP,
finding at biopsy that 24% were >GG2 and 6.6% were >GG4 (41).
Finally, men initially classified as mpMRI negative at 2.4 years post-
imaging identified the false negative rate to be 23% for HGPC (42).

Smaller cohort studies frequently present NPV and PPV, often
combining different biopsy sample types (biopsy naive, prior
negative, active surveillance) without sufficient regard to the
impact on disease prevalence (4-8, 15). Although some studies
conduct sub-analysis to examine metrics separately based on biopsy
type, many do not (5, 9, 16). In 2017, Moldovan et al. (8) performed
a thorough review and documented the impact of clinical
heterogeneity and disease prevalence on NPV. Therefore, with the
exception of the landmark PROMIS trial (9), only studies published
since Moldovan et al. (8) are reviewed here (Figure 1C).
Unfortunately, if a study did not biopsy mpMRI negative results
(<PIRADS 3) it could not be included in the analysis (including the
otherwise well-executed PRECISION trial (18)).

Since the Moldovan review (including PROMIS), there have
been 2,035 mpMRI negative cases (PI-RADS 1/2s) across these
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studies. As shown in Figure 1C, a number of studies with mixed
biopsy types (4, 6, 7, 15, 16), small sample sizes, and/or solitary
experienced readers trend towards higher NPVs (4, 5, 12, 43). The
majority (68%) of these studies resulted in NPV <90% with the
landmark PROMIS trial observing 76% NPV for >GG2. Only 32%
(N=653) of the data generated NPVs 290%. In fact, the best study
for initial biopsy with NPV above 90%, comprising 47% (N=309) of
the cases with NPV >90%, was the 4M study (96%) (44). This
prospective trial employed trained radiologists, centralized image
review and consensus assessment resulting in an atypical low
number of PI-RADS 3 (6%). Due to the expertise in this study,
the generalizability of the results to routine practice is a legitimate
question. Indeed, the authors believe a key limitation of their data is
its performance reproducibly outside their ‘expert’ sites (44).

In addition to sample size and range of mpMRI protocols, biopsy
methodology also limits mpMRI performance metrics. In particular,
the widely used TRUS-guided biopsy provides an imperfect window
into mpMRI performance. Studies that utilize more holistic
assessment methods such as template biopsy mapping, saturation
biopsy, or whole mount RP offer the most comprehensive pathologic
ground truth for assessing performance metrics (9, 10, 14, 32, 45, 46).
The landmark PROMIS study arguably provides the most
comprehensive assessment of mpMRI metrics because it employed
template biopsies for all PI-RADS categories (9). Although the 1.5
Tesla (T) magnet strength in the PROMIS study was less than the
often employed 3T magnet strength, much of the essential mpMRI
literature utilizes a mix of magnet strengths (both 1.5T and 3.0T) (18,
20, 24). Furthermore, some studies have found no difference in PPV
or NPV when comparing 1.5T or 3T generated data (11, 29).

The PROMIS study combined high quality and standardized
MRI, in-depth reporting, dedicated and experienced urologic
radiologists, centralized reader training, TRUS biopsies, and high-
quality targeted mapping biopsies every 5 mm. The primary
definition of clinically significant cancer was defined as >GG3 or
cancer core length =6 mm, but two additional cancer definitions
were also measured (1) 2GG2 or (2) cancer core length >4 mm. As
such, each definition resulted in different performance metrics. The
primary definition of >GG3 or cancer core length >6 mm had a
PPV of 51% and NPV of 89%. The more widely used definition,
>GG@G2, had a PPV of 65% and an NPV of 76% (9). Other studies
utilizing mapping biopsies have demonstrated similar NPV for
>GG2 or related definitions. Simmons et al. noted an NPV of
68.6 for >GG2 and/or tumor length of >4 mm (14). Mortezavi et al.
used template saturation biopsy to measure mpMRI performance
metrics for 2GG2 and noted overall NPVs of 74.2% and 68.5% for
the saturation biopsy and targeted fusion biopsy, respectively. The
authors conducted a subgroup analysis according to biopsy type
(naive, prior negative biopsy, or positive biopsy), resulting in
changed predictive values due to changes in disease prevalence (16).

2.2 Biomarkers and mpMRI

Considerations for adding biomarker information to mpMRI has
clinical benefit, with the reduction of potential side effects, ease of use,
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cost, and ability for generalizations. Evaluating biomarker data can be
challenging because there is no one-size-fits-all approach and
biomarkers will fit each case differently. The advantages are that
biomarkers for early detection of PCa can be analyzed in urine, blood,
or post-needle biopsy samples (47-50). One test already has a home
collection kit further simplifying sample collection even further (51).
When considering deferred HGPC as a potential side effect of early
detection risk assessment, the percentage of deferred HGPC depends
upon the biomarker threshold utilized.

Biomarker durability and generalizability vary due to biomarker
study design ranging from observational and retrospective to
prospective clinical trials. In prospective studies for the intended use
population, biomarker durability and clinical benefit are evident (52).
However in retrospective analyses, when cohorts do not represent the
intended population, it is difficult to assess the actual performance or
generalizability of the biomarker (48, 49, 53). Furthermore, most
biomarkers include clinical information combined with genomic data
making it difficult to determine the specific value the unique test
components provide when not supported by the clinical features (48,
49, 53). However, stand-alone biomarker assays do exist that do not
integrate clinical features and have been used in studies with
prospective trial design, tailored to intended-to-use population (47, 54).

Non-invasive tests such as PSA density, risk calculators,
genomic testing, and commercial biomarker tests all appear to
provide some degree of enhanced clinical risk assessment when
appropriately layered into a clinical pathway with mpMRI (6, 13,
15, 37, 45). PSA density (PSAD), for example, is often found to be
complementary to mpMRI (6, 12, 13, 37, 55, 56). In one study, 63%
of men with abnormal mpMRI results and HGPC had a PSAD of
>0.15 ng/mL, compared to 29% of men with normal mpMRI
readings and benign or insignificant PCa who had PSAD of <0.15
ng/mL (26). Another study observed that PSAD >0.1 ng/mL
provides complementary risk assessment value to mpMRI for
HGPC defined as >GG2. Furthermore, an increased frequency of
PI-RADS 4 and 5 lesions with HGPC was observed when PSAD was
above the 0.15 ng/mL threshold (56). Conversely, other research has
shown that when PI-RADS is low-risk (<2) a PSAD <0.15 ng/mL
may improve the NPV (12). In a mixed group of biopsy naive men
(36%) and men with a prior negative biopsy and a low-risk mpMRI
(PI-RADS <3), mpMRI NPV improved from 82% to 90% with a
PSAD <0.15 ng/mL. In solely biopsy naive men with negative
mpMRI and PSAD <0.15 ng/mL, the NPV improved from 71% to
80% (6). Moreover, the mpMRI NPV for prostate biopsy naive men
with PI-RADS 1 or 2 was 80% that increased to 91% when PSAD
<0.1 ng/mL was included in a prospective study (57). Other studies
have specifically focused on the clinical benefit of combining PSAD
and mpMRI for PI-RADS 3 scores with HGPC detection across PI-
RADS scores gated by PSADs of <0.15, 0.15-0.29, or 20.3 ng/mL.
The highest HGPC detection rate (97%) was found when PI-RADS
4 and 5 had a PSAD of 20.3 ng/mL. In contrast, the lowest HGPC
detection rate (0%) was found in PI-RADS 1 and 2 scores with
PSAD <0.15 ng/mL and no HGPC was detected in PI-RADS 3 with
PSAD <0.15 ng/mL (N=6). Although the numbers were small, the
authors conclude that men with a PI-RADS score <3 and PSAD
<0.15 ng/mL may be able to avoid unnecessary biopsies (37).
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Beyond individual biomarkers, the next step is to assess how
integrating multiple biomarkers might complement mpMRI. The
current landscape is expanding PSAD to numerous clinical features
and mpMRI (15), with clinical feature calculators being integrated
to mpMRI interpretation. Initial results of these calculators are
highlighting that some clinical risk features are more important to
NPV than others (15).

Although published studies have limitations, the biomarker/
mpMRI literature suggests that commercial biomarker tests and
mpMRI capture independent information that can provide a
synergistic benefit (58). Several biomarker studies have
demonstrated a correlation between increasing PI-RADS scores
and biomarker scores, and suggest that performance for HGPC
detection improves when mpMRI and biomarkers are combined
(49, 59). An observational study concluded that the SelectMDx
biomarker had independent information that improved the PI-
RADS area under the curve (AUC). However, the picture was
incomplete since PI-RADS <3 biopsies were not included (60).
Another biomarker, Proclarix, combines clinical features with
thrombospondin-1 and cathepsin, which when combined with
mpMRI, the biomarker demonstrated improved performance and
increasing mpMRI NPV up to 6% in men with PI-RADS <3 (61).
The actual biomarker value versus the clinical feature performance
in these studies is unclear as the initial and repeat biopsies were
mixed. Moreover, the HGPC prevalence in one study was lower
than in an intended-to-use population. The Myprostatescore
biomarker improved NPV in men with PI-RADS 3 and
performed better than PSA density. However, 57% of the cohort
had a prior negative biopsy, lowering the HGPC prevalence and
likely artificially inflating NPV (48). Preliminary data with the
ExoDx Prostate biomarker and mpMRI has shown an association
between rising ExoDx Prostate IntelliScore (EPI) scores and PI-
RADS, demonstrating the benefit of modeling EPI and mpMRI
together (59). Specifically, the PCA3 biomarker and mpMRI
combination in men going for initial biopsy had an improved
performance over mpMRI alone (62). A superior performance in
AUC was observed when combining the 4K biomarker with
mpMRI, each providing independent and complementary
information (53). Similarly, a complementary performance was
detected when combining PSA density, the prostate health index
(PHI) biomarker, and mpMRI for men with a prior negative biopsy
(63). Finally, a prospective non-inferiority trial demonstrated that a
clinical workflow combining the Stockholm biomarker and mpMRI
detected more HGPC and fewer low-grade cancers (64).

The cost of integrating biomarkers with mpMRI is variable based
on the biomarker. mpMRI is an expensive procedure with a median
cost of $4396 (interquartile range $2,784-$7,127) for MRI-guided
biopsy, increasing to $5,832 when anesthesia is used (65). The cost of
mpMRI/biomarker care will likely depend on how the two modalities
are implemented. In risk assessment for early PCa detection, multiple
clinical combinations of commercial biomarkers and mpMRI have
been presented (66), with initial data suggesting biomarkers placed
before mpMRI will provide the most clinical benefit (50). Additional
cost savings may also result from reducing un-needed biopsies and
reducing the use of mpMRI for men at low risk for finding HGPC (67).
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3 Conclusion

All risk assessment methods, including mpMRI and
biomarkers, have strengths and limitations. The adoption of
mpMRI in the urology field must be balanced with enhanced
education and training on the strengths and limitations of the
technology. How biomarkers can be appropriately integrated is also
imperative. The ReIMAGINE Consortium was explicitly established
to develop risk assessment tools that can examine the benefits of
combining mpMRI with biomarkers (68). Guidelines reflect a
careful view of the existing data and emphasize that a negative
mpMRI does not omit the possibility of cancer. Moreover, clinicians
should consider biomarkers when looking to defer a biopsy in a
patient with a negative mpMRI (1, 25). Specific biomarkers not only
have good performance in prospective clinical trials, but also offer
significant logistical advantages that complement mpMRI
utilization. Non-invasive urinary biomarkers have clear logistical
benefits (52, 67), as some do not require a DRE and urine collection
can occur in the clinic or a patient’s home (51). Taken together,
biomarkers should have a complementary role to mpMRI. As
mpMRI utilization grows, biomarker use will grow in parallel. It
is imperative to understand how to integrate the two technologies
appropriately to enhance clinical practice.
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