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Abstract While initial implementations of prostate MRI suf-
fered from suboptimal performance in tumor detection, tech-
nological advances over the past decade have allowed modern
multi-parametric prostate MRI (mpMRI) to achieve high di-
agnostic accuracy for detection, localization, and staging and
thereby impact patient management. A particular emerging
application of mpMRI is in the pre-biopsy setting to allow
for MRI-targeted biopsy, for instance, through real-time
MRI/ultrasound fusion, which may help reduce the over-
detection of low-risk disease and selectively detect clinically
significant cancers, in comparison with use of standard sys-
tematic biopsy alone. mpMRI and MRI-targeted biopsy are
spreading beyond the large academic centers to increasingly
be adopted within small and community practices. Aims of
this review article are to summarize the hardware and se-
quences used for performing mpMRI, explore patient specific
technical considerations, delineate approaches for study inter-
pretation and reporting [including the recent American
College of Radiology Prostate Imaging Reporting and Data
System (PI-RADS) version 2], and describe challenges and
implications relating to the widespread clinical implementa-
tion of mpMRI.
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Introduction

Prostate cancer is the most common non-cutaneous cancer and
second most common cause of cancer-related death among
men in the USA [1]. It varies widely in clinical behavior,
ranging from a non-aggressive, indolent disease, which can
be followed by active surveillance, to an aggressive, rapidly
progressive disease that can be treated by a growing number
of options that include radical prostatectomy, external beam
radiation, brachytherapy, and various forms of ablative thera-
py [2]. An important limitation of prostate cancer screening by
prostate-specific antigen (PSA) and digital rectal examination
(DRE) is their poor specificity [3]. However, a 12-core sys-
tematic transrectal ultrasound (TRUS) biopsy performed in
response to an abnormal PSA or DRE has suboptimal sensi-
tivity for significant cancer [4], leading to uncertainty regard-
ing negative biopsy results, as well as frequent detection of
insignificant cancer in a third of cases, leading to concerns of
“over-detection” [5]. Therefore, there is growing enthusiasm
for adoption of new diagnostic paradigms to reduce over-
detection and over-treatment of low-risk disease while reliably
diagnosing any high-risk disease that is present [6°¢].
Prostate MRI provides superb anatomic assessment of the
prostate gland due to its excellent spatial and contrast resolu-
tion. Initial implementations of prostate MRI largely replied
upon anatomic evaluation and had relatively low diagnostic
performance. However, current prostate MRI protocols con-
sist of a multi-parametric approach that complement standard
anatomical sequences with sequences providing additional
forms of contrast and improved tissue characterization.
State-of-the-art multi-parametric prostate MRI has been
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shown to achieve high accuracy for tumor detection, localiza-
tion, and staging, thereby facilitating management decisions
[6°, 7]. While the use of prostate MRI was mostly limited to
academic centers following its introduction in the 1980s, tech-
nological advances over the past decade have led to increasing
clinical adoption in small and community practices. In this
review, we aim to describe prostate MRI hardware and se-
quences, patient specific considerations, current approaches
for interpretation and reporting of results, and clinical impli-
cations of prostate MRI.

Hardware

Prostate MRI examinations can be performed at a field
strength of either 1.5 or 3.0 T. 3.0-T MRI provides increased
signal to noise ratio (SNR), which allows for improved spatial
resolution and potentially faster scan times [8]. Although
clinically acceptable images can be obtained at both 1.5
and 3.0 T, it is generally recommended that a 3.0-T MRI
be used when available [9+¢]. As metal-related susceptibil-
ity artifact increases at higher field strength and becomes
particularly severe at 3.0 T, a field strength of 1.5 T may
be deemed preferable in patients with bilateral hip pros-
theses [10].

Prostate MRI requires use of at least an external phased
array coil laid across the patients’ pelvis. However, many cen-
ters elect to also use an endorectal coil (ERC). The ERC is
physically positioned closer to the prostate, providing greater
SNR that can be applied to increase spatial resolution. While
the necessity of the ERC is controversial at both 1.5 and 3 T,
its impact seems to be more advantageous at 1.5 T MRI [11].
As an example of the variable data, while Heijmink et al.
demonstrated improved image quality, tumor localization,
and better staging using the ERC compared to a phased array
coil at 3.0 T [12]; more recently, Kim et al. reported equivalent
staging accuracy between ERC and phased array coils at 3.0 T
[13]. Ongoing improvements in MRI hardware and software
design, including the development of higher performance
multi-channel surface coils, are increasing the clinical feasi-
bility of performing MRI at 1.5 T without an endorectal coil.
In addition, some practices may elect to tailor the coil selec-
tion to the specific indication. For instance, the ERC may be
used for local staging in patients awaiting prostatectomy, in
which maximal spatial resolution helps optimize visualization
of the neurovascular bundles, whereas surface coil imaging
may be used in the pre-biopsy setting, in which sufficient
resolution to guide targeted biopsy can be obtained using an
external coil.

While the ERC provides improved SNR, there are several
disadvantages, including potential patient discomfort, higher
cost, increased scanner time, and potential gland deformation
[14]. Rectal air insufflation to 80 mg is required for ERC

@ Springer

imaging, which has been reported to rarely lead to complica-
tions such as rectal bleeding, erosion, and proctitis [14].
Furthermore, administration of an enema before ERC place-
ment may decrease patient compliance with the examination.
Additional workflow considerations must be addressed when
using an ERC, including additional personnel and examina-
tion time needed for coil placement and removal. Given the
advantages and disadvantages of the two approaches, as well
as the contradictory studies regarding the added benefit of the
ERC particularly at 3.0 T, the choice of ERC or phased array
coil imaging continues to vary between practices based on
local experience, expertise, and preference.

Sequences
T2-Weighted Imaging

High-resolution T2-weighted images are the mainstay of pros-
tate MRI protocols, providing, among imaging approaches,
the best anatomical depiction of the prostate including assess-
ment of the prostatic margin, internal structures, and zonal
anatomy. Furthermore, this sequence aids tumor staging by
facilitating evaluation of extra-prostatic extension, seminal
vesicle invasion, and neurovascular bundle invasion by tumor.
The peripheral zone of the prostate usually exhibits high sig-
nal on T2-weighted images. In contrast, peripheral zone tu-
mors generally appear as round or oval foci of decreased sig-
nal using this sequence. However, in patients with inflamma-
tion or prostatitis, the peripheral zone may be heterogeneous
with patchy areas of decreased signal, making tumor detection
more difficult. Furthermore, low-grade tumors may be iso-
intense to the high signal peripheral zone and therefore not
well visualized using T2-weighted imaging. A meta-
analysis incorporating 14 studies investigated the diagnostic
performance of T2-weighted images alone in prostate tumor
localization, demonstrating a sensitivity and specificity of
0.57-0.62 and 0.74-0.78, respectively [15]. This moderate
performance highlights the need for use of additional se-
quences to achieve accurate tumor detection and localiza-
tion (Figs. 1 and 2).

Diffusion-Weighted Imaging

Diffusion-weighted imaging (DWI) generates image contrast
based on the ability of water molecules to move freely within
tissues [16]. In simple fluid, water molecules demonstrate rel-
atively free diffusivity. However, water movement demon-
strates increasing restriction of diffusion as the cellular density
of tissue increases, as is encountered in cellular tumors. The
degree of diffusion weighting of a given acquisition is
reflected by the b values, which in turn is influenced by the
strength of diffusion-sensitizing gradients that are applied
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Fig. 1 Prostate cancer in an 81-
year-old male with a Gleason
score of 4+3 and a PSA level of
6.4 ng/ml. Imaging of the prostate
using a phased array coil at 3.0 T
was performed. a Axial
T2-weighed (T2W) image
demonstrates an area of decreased
T2 signal (arrow) within the left
mid-gland peripheral zone. b
High b value diffusion-weighted
image (DWI) demonstrates high
signal in this region. ¢ Apparent
diffusion coefficient (ADC) map
from DWI shows corresponding
low ADC. d Dynamic
contrast-enhanced (DCE) MR
imaging shows increased
enhancement in the region of
signal abnormality on
T2-weighted and
diffusion-weighted images

during sequence acquisition. The tissue contrast generated at
low b values mainly represent water motion due to capillary
perfusion, while contrast at high b values is heavily influenced
by barriers to water motion from cell membranes [16, 17].
There is a debate regarding the most appropriate b value to
be used for DWI of the prostate. Historically, b values up to
800-1000 s/mm2 were used. However, recent studies report
improved lesion detection using even higher b values up to
2000 s/mm” [18-20]. In addition, the actual diffusion coeffi-
cient of water cannot be directly measured by MRI. Rather,

Fig. 2 Prostate cancer in a 62-
year-old male with a Gleason
score of 4+3 and a PSA level of
13 ng/ml, who had undergone a
previous standard 12-core biopsy
which was negative for tumor. a
Axial T2-weighed (T2W) image
demonstrates an area of decreased
T2 signal (arrow) within the
anterior apex transition zone. b
High b value diffusion-weighted
image (DWI) demonstrates high
signal in this region. ¢ Apparent
diffusion coefficient (ADC) map
from DWI shows corresponding
low ADC. d Early dynamic
contrast-enhanced (DCE) MR
imaging shows rapid
enhancement in the region of
signal abnormality on
T2-weigthed and
diffusion-weighted images

diffusion-weighted images must be acquired using at least two
different b values, from which a diffusion coefficient can be
calculated. The most widely applied coefficient in clinical
practice is the apparent diffusion coefficient (ADC) [21].
The ADC map better reflects the diffusivity of water mole-
cules than the directly acquired b value images themselves,
which in fact reflect a combination of both diffusion
weighting and T2 weighting.

The impact of diffusion-weighted imaging in prostate MRI
protocols has been firmly established [22—-27]. Prostate tumors
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generally demonstrate increased signal on high b value DWI
as well as decreased ADC, given the association between
tumor cellularity and restricted diffusion. Identification of the-
se imaging features can greatly improve tumor detection com-
pared with T2-weighted imaging along. A meta-analysis in-
corporating 27 studies evaluated the diagnostic performance
of DWI alone in detecting prostate cancer and demonstrated a
sensitivity and specificity of 0.62 and 0.90, respectively [28].
The diagnostic performance is improved when DWI is com-
bined with T2-weighted images, as demonstrated in an addi-
tional meta-analysis which pooled 10 studies, reporting a sen-
sitivity and specificity of 0.76 and 0.82, respectively [27].
Further advantages of DWI include its short acquisition time,
ease of acquisition and post-processing, and lack of use of
intravenous contrast. Currently, the combination of T2-
weighted images and DWI is needed to meet minimal techni-
cal standards for prostate MRI [29].

Dynamic Contrast-Enhanced Imaging

Many practices routinely obtain dynamic contrast-enhanced
MRI (DCE-MRI) as part of their standard prostate MRI pro-
tocol, although its added value remains controversial. Prostate
tumors release factors that promote vessel formation and cap-
illary permeability [30, 31], thereby leading to more rapid
enhancement than surrounding normal tissue [32]. DCE-
MRI entails serial rapid 3D T1-weighted acquisitions of the
prostate after the intravenous administration of a gadolinium-
based contrast agent. Typically, images are acquired sequen-
tially at a rate of at least every 10 seconds and for a total
duration of at least 2 minutes [32]. Some authors suggest that
the temporal resolution should be even faster, at least every
5 seconds [33, 34]. While multiple prior studies have demon-
strated the usefulness of DCE-MRI in prostate tumor detection
[35-38], others have suggested that the combination of T2-
weighted imaging and DWI alone are sufficient [39].

Timing of MRI After Biopsy

Prostate biopsy, which in many practices is performed prior to
consideration of obtaining a prostate MRI, leads to varying
amounts of hemorrhage within the prostate [40]. This hemor-
rhage often leads to decreased T2 signal in the peripheral
zone, therefore mimicking or obscuring an area of tumor and
hindering tumor detection and localization [40]. To address
this issue, it is common to recommend a delay between any
prior prostate biopsy and MRI, although with varying recom-
mendations regarding the needed time interval [41-44].
Although a suggested delay of approximately 8 weeks is com-
mon, such a delay between prostate biopsy and MRI theoret-
ically may prolong management decisions and definitive treat-
ment. Furthermore, the resolution of prostate hemorrhage is
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variable between patients and is often still present to some
extent even after 8 weeks [45]. Therefore, radiologists should
be prepared to interpret prostate MRI examinations when
hemorrhage is present. One imaging finding that may assist
such assessment is the “hemorrhage exclusion sign,” in which
hemorrhage spares the region of tumor. In one study, applica-
tion of this finding improved accuracy for tumor detection in
the setting of hemorrhage [46].

It is possible that careful evaluation of multi-parametric
sequences may mitigate the negative influence of hemorrhage
on diagnostic accuracy compared with T2-weighted images
alone [40, 45]. For instance, Tamada et al. demonstrated good
performance of mpMRI for tumor detection in the presence of
hemorrhage [40], and a more recent investigation demonstrat-
ed neither extensive post-biopsy hemorrhage nor delay in bi-
opsy less than 4 weeks to negatively impact detection when
using multi-parametric evaluation [45]. Despite these encour-
aging results, it is still possible for hemorrhage to mask small
or subtle tumors. Some practices initially perform a T1-
weighted sequence and then reschedule the examination if
significant hemorrhage is identified. This approach, however,
requires monitoring of the examination by the radiologist as
well as close consultation with the referring urologist in the
event of a delayed examination. In addition, this approach
leads to greater patient inconvenience in the event of a
rescheduled examination. In summary, while most practices
advise a delay between biopsy and MRI, the length of delay
and other logistical aspects of implementing the delay vary
among institutions.

Patient Preparation

Practices differ in their requirements for patient preparation
prior to prostate MRI. Stool and gas within the rectum may
exacerbate artifacts on DWI, causing anatomic warping that
can manifest as alterations in the contour of the prostate on
high b value DWI compared to T2-weighted imaging [47¢].
Furthermore, artifacts related to rectal motion may impair all
sequences [47+, 48]. Use of an enema prior to prostate MRI to
empty the rectum of stool and gas, even for non-ERC exams,
as well as an antispasmodic agent to decrease bowel motion
have been proposed to address these issues [29]. However,
there is a lack of supporting data as well as general consensus
among experts regarding the value of such measures. A
cleansing enema entails time and cost, while itself potentially
leading to increased bowel peristalsis [9+¢], and antispasmodic
agents are prone to adverse drug reactions. Furthermore, stud-
ies have suggested no significant effect on overall image qual-
ity or tumor detection with or without the administration of a
cleansing enema [49] or antispasmodic agent [50] prior to
prostate MRI. Nonetheless, even in the absence of such mea-
sures, a reasonable and commonly applied step is to instruct
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the patient to evacuate the rectum prior to the examination. If
initial MR images show a large amount of air within the rec-
tum, further considerations include laying the patient prone or
removing the air from the rectum using a suction catheter
[9ee]. Lastly, some practices instruct patients to refrain from
ejaculation for approximately 3 days prior to the examination
to allow for maximum distension of the seminal vesicles [51].
However, as with the other previously noted approaches to
patient preparation, increased benefit of this measure on pros-
tate and seminal vesicle tumor detection has not been formally
reported.

Interpretation

There is a steep learning curve among radiologists for
prostate MRI interpretation. Prior publications have dem-
onstrated significant inter-observer variability in prostate
MRI interpretation, with varying levels of reader experi-
ence being a key contributor [52, 53]. Formal education
programs including individual feedback, case reviews,
and follow-up of pathology results are of paramount im-
portance in attaining expertise and maximizing one’s di-
agnostic performance. In a study by Garcia-Reyes et al.,
radiology fellows evaluated prostate MRIs before and af-
ter a dedicated education program that included didactic
lectures and case correlation with pathology findings,
demonstrating significantly increased diagnostic accuracy
of index cancer and anterior cancers compared to pre-
education values [54]. In a similar study, radiology fel-
lows’ average accuracy in detecting peripheral and transi-
tion zone tumors increased significantly after expert radi-
ologist led weekly interactive tutorials which included
quiz cases [55]. Regular multidisciplinary meetings
among urologists, radiologists, and pathologists to per-
form group evaluation of earlier interpretations are also
helpful in optimizing a center’s prostate MRI readings.
Existing literature indicates that MRI performed and
interpreted with high quality achieves a sensitivity of over
90 % for clinically significant cancer [35, 56—61] and that
missed cancers are overwhelmingly small and insignifi-
cant [62].

Reporting

Standardized reporting of prostate MRI is of critical impor-
tance for facilitating communication between the radiologist
and the urologist, as well as for ensuring that important infor-
mation is conveyed in an actionable fashion in the report. The
European Society of Urogenital Radiology (ESUR) Prostate
Imaging and Reporting Archiving Data System (PI-RADS)
expert panel prostate MRI guidelines were published in

2012 and aimed to standardize reporting by rating lesions on
each sequence using standardized criteria [29]. However, this
system lacked consistent instruction on how to determine an
overall suspicion score [63] and had limited application
among clinical practices. The more recent American College
of Radiology (ACR) PI-RADS version 2 represents a more
complete and comprehensive reporting system. PI-RADS ver-
sion 2 provides explicit criteria for assessing lesions using
each sequence as well as for deriving an overall 1-5 assess-
ment category. These assessment categories indicate the like-
lihood of significant cancer, ranging from very low to very
high probability [9+]. This scoring system is intended to assist
in adjusting patient risk profiles and facilitating decisions
about the need for targeted biopsy. It is anticipated that PI-
RADS version 2 will undergo broad implementation, both
nationally and internationally.

Targeted Biopsy

Improvements in the accuracy of MP-MRI have supported the
development of MRI-targeted biopsy. Although initial studies
largely described in-bore targeting of lesions within the MR
gantry, growing literature demonstrates the effectiveness of
lesion targeting by “fusion” biopsy in which the MP-MRI
images are electronically superimposed in real time upon
TRUS images [6°¢, 64¢]. MRI/US fusion biopsy can be readily
performed by the urologist during an office visit. Targeted
biopsy has strong potential to address the inherent limitations
of TRUS biopsy [65]. Siddiqui et al. demonstrated that
performing fusion targeted biopsy solely of MRI targets
would significantly increase the detection of high-risk prostate
cancer while decreasing the detection of low-risk cancer com-
pared to performing solely a standard systematic biopsy [6°].
Therefore, targeted biopsy could significantly change the dis-
tribution of risk in men with newly diagnosed prostate cancer
toward diagnosis of more high-risk disease [6¢]. Given that
the majority of patients in their study cohort had a previous
prostate biopsy, further validation of these findings in a biop-
sy-naive population is required to validate this diagnostic par-
adigm [6°]. Due to the decreased detection of low-risk pros-
tate cancer when compared to standard biopsy, a targeted bi-
opsy approach may have further beneficial economic and psy-
chological implications. De Rooij et al. demonstrated im-
proved cost-effectiveness and quality of life for men with
clinical suspicion of prostate cancer using MP-MRI followed
by MR-guided biopsy than using conventional systematic bi-
opsy for diagnosis [66]. While there is currently a surge of
interest in MRI-targeted prostate biopsy, further studies in-
cluding large prospective multi-center trials are still awaited
prior to a large-scale change to the present status of systematic
biopsy as the standard of care.
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Future Directions

Over the past decade, prostate MRI has exhibited substantially
improved clinical performance, and the examination is being
embraced by a growing fraction of the urologist community.
However, impediments to widespread clinical use still exist.
For instance, there is a compelling need for uniformly high-
quality images and image interpretation in order for prostate
MRI to be of practical value. Dedicated training courses, mini-
fellowships, enhanced educational materials, and certification
pathways may serve as various approaches for facilitating
widespread competence among radiologists. In addition, in
order for urologists to consistently offer prostate MRI to their
patients, insurance coverage is needed. Such coverage will
require continued studies examining impact on clinical out-
comes and cost-effectiveness. In addition, studies providing
more focused assessment of prostate MRI and MRI-targeted
biopsy in biopsy-naive patients are needed. Ultimately, if
MRI-targeted biopsy were to replace systematic biopsy as
the standard of care, this would have profound implications
regarding the relative detection of high-risk and low-risk dis-
ease [6°°]. In conclusion, MP-MRI has become established as
the most accurate imaging test for prostate cancer evaluation
and is now being routinely used in many practices to assist
tumor detection, biopsy guidance, and treatment planning.
Nonetheless, continued technical optimization and further
prospective investigations are anticipated prior to its wide-
spread adoption.
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