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Abstract

Prostate cancer is the most common solid-organ malignancy among American men. It is currently
most commonly diagnosed on random systematic biopsies prompted by elevated serum PSA
levels. Multi-parametric MRI (MP-MRI) of the prostate has emerged as an anatomic and
functional imaging modality, which offers accurate detection, localization and staging of prostate
cancer. Recently, MP-MRI has gained an increasing role in guiding biopsies to sites of
abnormality and in monitoring patients on active surveillance. Here, we discuss the historical
development, current role, and potential future directions of MP-MRI in the diagnosis of prostate
cancer.
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Introduction

Prostate cancer (PCa) is the most common solid-organ malignancy in American men and is
most commonly diagnosed on random systematic biopsies prompted by elevated serum PSA
levels [1, 2]. Recently, multiparametric-MRI (MP-MRI) of the prostate has emerged as an
anatomic and functional imaging modality, which offers accurate detection, localization, and
staging of PCa [3-5]. MP-MRI of the prostate typically consists of T2-weighted (T2W),
diffusion weighted (DW), and dynamic contrast enhanced (DCE) MRI. At some centers, MR
spectroscopy (MRS) is added to the MP-MRI protocol although this is quite costly in terms
of time and expertise. Herein, we investigate the historical development, current role, and
potential future directions of MP-MRI in the diagnosis of PCa.

Background and History

Prostate MRI: From Staging to Detecting Prostate Cancer

MRI was initially introduced in the late 1980s and early 1990s as a method to locally stage
prostate cancer by identifying seminal vesicle invasion and extracapsular extension [6].
Initial MRI studies had relatively low spatial resolution based upon imaging acquisition on
medium-field strength (e.g., early 1.5 T) magnets and body coil technologies. The addition
of the endorectal coil greatly improved the signal to noise ratio of prostate MRI, allowing
higher resolution T2W imaging with better delineation of the prostatic capsule. However, the
emphasis remained on staging and not diagnosis. Despite developments in MRI with T2W
imaging fast-spin echo (FSE) techniques, phased array surface coils and contrast
enhancement, early multicenter trials yielded disappointing results in the assessment of
extracapsular extension and seminal vesicle invasion [7, 8]. The detection of primary PCa
within the gland, without extension beyond the capsule, was considered limited and
unreliable. Indeed, many of the cancers that were “staged” were never actually identified as
such. At the time, very little information was available about the location of the cancer as the
biopsy cores from systematic samples were usually mixed together without labeling.

By the early 2000s, with continually improving imaging technology, MRI with an endorectal
coil was found to be increasingly useful in identifying and characterizing lesions within the
prostate as well as detecting local disease recurrence following primary definitive treatment
[9, 10]. It was recognized that many Gleason 6 cancers were not visible on MRI and MRI
tended to detect larger, more aggressive tumors. Intraprostatic hypointense lesions on T2W
MRI scans seemed particularly useful in detecting cancerous foci as these classically
correlated to areas of cancer as outlined on corresponding radical prostatectomy specimens.
Also, DCE MRI was considered diagnostic in confirming tumors, as tumors tended to
enhance preferentially compared with normal prostate tissue.

Development of a Multiparametric Approach to Prostate MRI

In the last decade, there has been a shift of interest in the use of MRI from local staging to
the detection and characterization of primary foci of PCa within the prostate gland. This has
arisen from increasing frustration with random prostate biopsies that often detect
inconsequential posterior tumors while missing significant anterior PCa. Up to this point,
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intraprostatic lesion characterization was achieved solely with ultrasonography, although
results were disappointing. Technological MR improvements employing higher field
strength magnets (e.g., 3 T), coupled with multichannel phased-array surface and endorectal
coils to augment signal to noise ratio, the development of DWI, faster DCE, and more
reliable MR spectroscopic sequences have improved assessment of the prostate [11e, 12, 13].
The rationale for the use of a multiparametric approach has been that any one sequence by
itself has considerable overlap between benign and malignant tissue; however, the
combination of sequences proves to have more predictive power for cancer. The more
parameters used, the higher the accuracy for detecting PCa since each individual MR
technique combines the benefits of each and complements the shortcomings of the others
[14s, 15, 16]. For example, while T2W imaging offers high sensitivity, the addition of MRS,
a functional method that detects relative levels of choline and citrate within the prostate,
adds specificity [17]. Also, quantitative evaluation of DWI with calculated apparent
diffusion coefficients (ADC) values correlates with Gleason grade as found on tissue
histology, allowing for more confident risk stratification of patients [18]. Well-established
characteristics for each MRI parameter have been described and allow for identification of
suspicious lesions in a standardized manner. A recent development in standardized reporting
called “PIRADS” seeks to improve the reproducibility of MP-MRI among different centers
[19].

Use of MRI to Direct Prostate Biopsies

Recognizing the capability of MP-MRI to detect PCa foci, several centers have investigated
the potential role of MRI to guide prostate biopsies [20, 21, 22, 23, 24, 25¢]. Three
approaches have emerged to target prostate biopsies and these include: (1) direct “in-bore”
MR-guided biopsies, (2) “cognitive fusion” whereby MR findings are used alongside
transrectal ultrasound (TRUS) biopsy, and (3) MRI-TRUS fusion which electronically
integrates MP-MRI to real-time TRUS imaging via a software-based image co-registration
to allow targeting of MRI identified lesions.

Current State of mp-mri in Prostate Cancer Detection

Use of MP-MRI to Identify Suspicious Lesions and Guide Targeted Biopsies

Direct “in-Bore” MRI Guidance—The earliest method to target biopsies based on MRI
findings was to perform the biopsy inside the bore of the magnet. For this approach, the
patient typically undergoes a diagnostic MP-MRI prior to the biopsy. Once it is ascertained
that a biopsy is indicated, the patient returns on another day and is typically placed prone in
the MRI scanner. A limited diagnostic MRI is first obtained to co-localize lesions found
previously. Using either a transrectal or transperineal approach, core biopsy needles are
introduced into the visible lesions using a rapid MR technique such as MR fluoroscopy and
samples are obtained while serial MR images are acquired to confirm biopsy needle
placement. Typically, only lesions visible on MR are targeted reducing time in the bore of
the scanner but also reducing the number of biopsy cores obtained, whilst allowing for
precise documentation of biopsy locations [20, 26]. Disadvantages to this approach include
the cumbersome nature of the intervention given the limited space inside an MRI scanner,
specialized MR compatible equipment required, and associated costs and availability of the
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scanner and skilled MRI personnel. These challenges have limited the use of this approach
from becoming generally practiced.

Cognitive Fusion Guidance—The cognitive fusion method is conceptually the simplest
of the MRI-guided biopsy techniques. This system uses diagnostic MP-MRI to identify
intraprostatic lesions suspicious for PCa and these are targeted under TRUS by estimating
the location of the MRI defined lesion on ultrasound. While this method does not require
additional equipment, it relies on the spatial abilities of the operator to mentally co-register
the MRI and TRUS and is, thus, subject to inter-operator variability. Either the transrectal or
transperineal approach can be used although the former is more common. Because this
operator-dependent technique requires a “mental map” of suspicious lesions, it can be
inaccurate. Hence, the primary disadvantage of this technique is that it places an inordinate
burden on the practitioner to translate the MRI findings onto the real-time ultrasound.
However, in the absence of resources to perform MR guided or fusion-guided biopsies, this
is a viable alternative.

MRI-TRUS Fusion Guidance—The next step in the evolution of MRI guided prostate
biopsies is the MR-TRUS fusion biopsy system. There are three important components to
this technology: a high quality diagnostic MRI, a robust software fusion algorithm that
allows the MRI to be fused to the TRUS image, and a method of tracking the ultrasound
probe in three-dimensional space.

After the patient undergoes an MP-MRI, lesions suspicious for PCa are identified and a
contour of the prostate gland is drawn. Increasingly, this can be done automatically with
software. This “segmented” prostate image, along with the coordinates of the lesions within
the prostate, is sent to the fusion software platform. This device need not be in the same
location as the MRI; indeed, it might not even be in the same city. In the ultrasound suite, a
3D TRUS is obtained through the prostate and the prostate gland is similarly segmented. The
MR and TRUS segmented contours are then electronically “fused” using either a rigid semi-
rigid or deformable model. Since the gland may be deformed during the MRI (due to the
presence or absence of an endorectal coil), it may not readily “fuse” to a TRUS in which a
probe is placed in the rectum and variable pressure is applied. Thus, deformable models are
preferred. The final component of this method is a tracking method that fixes the prostate in
a 3D coordinate system, so that motion within that system can be accurately detected and,
therefore, reflected on the MRI. This allows the operator to move the TRUS probe in any
direction while simultaneously displaying the comparable fused MR image. Two approaches
to probe tracking have been championed: an articulated arm attached to the TRUS probe that
mechanically records the location and a radiofrequency or optical “global positioning
device”, (GPS) that attaches to the probe and permits the probe to be detected. Multiple
MRI-TRUS fusion biopsy systems have been developed which employ different fusion
software methods and varying mechanisms of tracking the TRUS probe. Although it would
appear to be less operator dependent, there is still a human element involved as the MRI-
TRUS registration needs to be assessed and manually adjusted, thus, compensating for
altered gland contours or misregistration artifacts. During the fusion biopsy, approaches
differ with regard to what the operator sees; some units present side-by-side displays of the
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MRI and TRUS while others present a single fused image. An MR-TRUS fusion guided
biopsy system does require the purchase of an additional device with tracking capabilities,
but it can be performed in an outpatient setting with local anesthesia, not significantly
altering the workflow compared to the standard-of-care, systematic ultrasound-guided
biopsies. Thus, as the technology has become more widely available, this route is gaining
popularity.

Diagnostic Yield of Image Guided Biopsies Compared to Systematic Biopsy Techniques

The diagnostic yield of PCa on MRI-guided prostate biopsies has been compared to that of
systematic biopsy for each of the various systems of biopsy guidance: in-bore, cognitive
fusion, and MRI/US fusion. Hambrock and colleagues reported that in-bore biopsies
targeting lesions identified on MP-MRI were significantly more efficient in detecting PCa
than a systematic 10-core TRUS-guided biopsy (88 % versus 55 %, p=0.001) for PCa
detection when compared to the final post prostatectomy specimens[22¢]. Results of
cognitive fusion guidance compared to systematic 10-core to 12-core TRUS-guided biopsy
demonstrate that this form of biopsy targeting also increases PCa detection and more
accurately depicts overall disease burden in higher-grade disease [27, 28]. Specifically, one
study by Puech and colleagues, evaluating the efficacy of cognitive biopsy targeting of
lesions, demonstrated PCa detection rates up to 10 % higher (15 % for high-grade disease)
compared with systematic biopsies in similar populations of patients[29]. MRI/US fusion
biopsies were equal to or superior to the detection of PCa with systematic biopsies,
particularly for higher-grade disease [30, 31]. A study by Siddiqui and colleagues
demonstrated that MRI-TRUS fusion guided targeted biopsies often upgraded the amount of
Gleason 4 pattern detected at biopsy compared to standard-of-care systematic 12-core
biopsies inpatients who underwent both biopsy techniques during the same biopsy session
[32].

The utility of MRI-guided biopsies has been best appreciated in patients with previously
negative systematic biopsies whose PSA continues to rise [33-36]. This patient population
represents a group for which there is a high clinical concern for cancer and they often
undergo repeated biopsies despite prior negative biopsy findings. Employing MP-MRI of the
prostate and targeted biopsy of suspicious lesions in such patients leads to high positive
diagnostic rates of PCa in the range of 34 % to 52 % of cases [34, 35]. Interestingly, the
number of prior negative biopsy sessions was not predictive of cancer detection on followup
MRI-guided biopsy, suggesting that imaging can be used early in the course of PSA
monitoring without diminished sensitivity.

For patients with no prior biopsies, MP-MRI followed by image-guided biopsy can be
useful. Park et al., showed that men undergoing MRI prior to initial biopsy had a
significantly higher cancer detection rate (29.5 % versus 9.8 %, respectively) and higher
positive core rate (9.9 % versus 2.5 %, respectively) than those undergoing systematic
biopsy.

MR guided biopsies are particularly important in detecting central and anterior PCa which
are often large by the time they are detected. These tumors cannot be detected by digital
rectal examination and are often missed or undersampled by template biopsies of the
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prostate [37]. Anteriorly located PCa lesions were reportedly missed in up to 46 % of 12-
core systematic biopsies [38]. Furthermore, among those detected on systematic biopsy,

MRI guided biopsies often resulted in an increase in the Gleason score; Gleason score
upgrading was seen in 44 % of those undergoing targeted compared with systematic biopsies

(Fig. 1).

In addition to missing tumors in the anterior gland, standard-of-care systematic biopsies may
also undersample the prostatic apex. Nix et al., reported the use of MP-MRI in detecting and
guiding biopsies to very distal apical lesions demonstrating that targeted biopsies detected
more cancers in this area than systematic biopsy cores and tended to diagnose higher grade
disease [39]. In enlarged prostates, the standard 12-core biopsy also tends to undersample
the gland. In this setting, MR guidance has also proven useful in increasing the yield of
biopsy compared to standard-of-care biopsies [40].

Future Directions

Dissemination of MP-MRI for Prostate Cancer Biopsy

In light of the recent recommendations by the US Preventive Services Task Force against
widespread PSA screening, an imaging modality with the potential to detect PCa with higher
specificity coupled with a more precise biopsy method could be the key in identifying men
with curable PCa [41]. Although MP-MRI has been suggested as a possible substitute for
PSA screening, this is probably years away. MP-MRI provides an anatomic and functional
evaluation of the prostate gland resulting in an increased detection rate of significant tumors
compared with standard-of-care biopsy, thus reducing over-treatment. This could address
some of the concerns related to screening with PSA, which results in blind systematic
biopsies and the detection of numerous inconsequential tumors that, nonetheless, require
invasive and expensive medical treatment [42-44].

Recent work by Villers and Puech stated that “with time and education, an increase in the
use of MP-MRI in the diagnostic pathway of prostate cancer, such as before the first biopsy,
would result in the enhanced detection of clinically significant disease, fewer men diagnosed
with clinically insignificant disease, fewer men biopsied overall and fewer needle
deployments in those who do undergo biopsy,” nicely summarizing the future direction for
MP-MRI in this arena [45].

Perhaps the most important effect of implementing MRI is a higher rate of clinically
significant PCa detection compared with standard-of-care biopsies. Coupled with the
potential to minimize the number of biopsy cores obtained and the number of repeat biopsy
sessions required to render a definitive, actionable diagnosis, this added value of MRI not
only has the potential to improve patient quality of life but could affect mortality outcomes
for men with intermediate to high-risk disease with earlier diagnoses in a cost effective
manner.

To date, both the MRI technology and the expertise to interpret prostate MRIs have not been
uniformly available. Barriers to implementation of routine MP-MRI include scarcity of the
resource in some communities and the cost/interest of training radiologists to interpret MP-
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MRI. For now, MP-MRI is confined to specialized medical facilities. However, proponents
of MRI suggest that a “stripped down” study utilizing only T2W and diffusion weighted
sequences without an endorectal coil could be done quickly and at low cost. Such advocates
point to reductions in biopsy numbers and frequency as a balance to the increased cost of a
screening MRI [46].

Often lost in the discussion of prostate cancer detection is the value of MP-MRI in staging,
which was the original indication for prostate MRI. MRI is considered to be the most
accurate imaging modality for the local staging of PCa [47]. Local and regional staging
using MP-MRI has been reported to be effective for identifying extracapsular extension,
seminal vesicle invasion (SVI), and regional lymph node involvement [48]. MP-MRI is
particularly important for SVI and correlates well with final pathology results [49]. As an
extension, MRI findings have been integrated into statistical nomograms for clinical
prognostication along with classically used clinical parameters (age, PSA, Gleason score,
etc.) to predict pathologic outcomes and disease recurrence following RP [50].

MP-MRI of the Prostate in Managing Patients on Active Surveillance

Recognizing that many cancers are currently overtreated, there has been increased use of
active surveillance (AS) to manage patients with low grade PCa. MP-MRI can be used for
serial followup of patients on AS, monitoring for growth of index lesions. Lesions identified
on MP-MRI, but deemed to have low suspicion for harboring PCa based on imaging
characteristics, have been shown to mostly represent either benign tissue or low-grade PCa
when targeted biopsies were performed [51]. Also, Somford and colleagues reported that the
high negative predictive value of MRI in low and intermediate risk patients is an asset in
counseling patients to utilize AS to manage their PCa [52].

Suitability for AS based upon MP-MRI findings was compared to other validated risk-
stratification tools including the D’ Amico, Epstein, and CAPRA guidelines and was found
to be superior for predicting active surveillance candidacy (defined as a dominant tumor
measuring less than 0.5 mL without Gleason pattern 4 or 5 and without evidence of
extracapsular or seminal vesicle invasion) in a cohort of 133 patients who underwent RP
[53]. The number of lesions identified on MP-MRI, lesion density (defined as volume of
lesions divided by total prostate volume), and highest MRI suspicion score were then used to
formulate a nomogram to confirm AS candidacy in a cohort of 85 patients who underwent
confirmatory MP-MRI and MRI-TRUS fusion guided biopsy following referral with a
diagnosis of PCa, which met Epstein criteria based on a previous systematic 12-core biopsy
[54].

Thus, MRI can be used to identify tumors that can be monitored during AS. It has been
suggested that the high NPV of MP-MRI could potentially serve as a “digital biopsy” in
cases where the lesion remained stable, hence increase,ing the interval between biopsies
sessions for men on AS [55].
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Conclusion

Multi-parametric MRI of the prostate is an established non-invasive technique to localize
and locally stage prostate cancer. The movement to utilize MP-MRI in the management of
patients known or suspected of PCa is gaining momentum worldwide both for treatment and
monitoring decisions. Finally, MP-MRI can be used to guide biopsy using direct ingantry
methods, “cognitive fusion” or MR-TRUS fusion. MP-MRI, along with MR guided biopsies,
is predicted to assume a larger role in the future management of prostate cancer.
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Fig. 1.
A 70 year old man with serum PSA of 51 ng/mL and four prior negative biopsies. (a) Axial

T2W MRI, (b) ADC map from DW MRI, (c) raw DCE MRI , and (d) Ktrans map of DCE
MRI depict a right apical-mid anterior transitional zone lesion (arrow). TRUS/MRI fusion-
guided biopsy of the lesion revealed Gleason 4+ 4 tumor (100 % core involvement)
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